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It is my pleasure to welcome you today on behalf of the
Defense Nuclear Agency and the U.S. Army Engineer Water-
ways Experiment Station, who are co-hosts for this 52nd
Shock and Vibration Symposium.

Fifty-two (52) is also the number of years the WES has
been in existence; in 1929 the Waterways Experiment Sta-
tion was born and its mission was to conduct hydrsulic
model studies aimed at making predictions so that flooding
along the Mississippi River could be controlled. In the be-
ginning the engineering field of interest was hydraulics,
which has been expanded over the years to include soils
and foundations, concrete, flexible pavements, weapons
effects, mobility, environmental effects, geology, terrain
analysis, s0il dynamics, rock mechanics, and structures. We
have four laboratories to conduct our current mission.
These are the Hydraulics, Geotechnical, Environmental, and
the Structures Laboratories. In recent years, it has been the
people in the Structures Laboratory who have had the
closest association with the Defense Nuclear Agency. Our
friendship traces back through the time when the DNA was
the Defense Atomic Support Agency (DASA) to the time
when the organization was known as the Armed Forces
Special Weapons Project (AFSWP).

The initial effort, when DNA was AFSWP, began in
1951 when we were tasked to conduct an investigation to
determine water wave heights and water shock loads caused
by underwater explosions. At that time it was believed the
way to disrupt this country would be to drop a nuclear bomb
in our waterways. The resulting crater would create a large
lip around the periphery which would either close up ports
or dam our major streams, resulting in extensive flooding
and bringing navigation to a halt. The beginning was a natural
since WES had a hydraulic laboratory and a superb instru-
mentation group' consequently, the first research teams at
WES to do work for DNA were formed from a nucleus of
hydraulic engineers and instrumentation specialists. Our
efforts were extended to include underwater cratering and
the response of gravity dams to water shock loadings. Our
first experience in a full scale nuclear test occurred in
1956-57 during Operation PLUMBBOB when we tested
below ground structures to the effects of blast and shock
from an aboveground burst.

We were also involved in the underwater detonations
of this Operation HARDTACK series conducted in the
Marshall lslands during 1958, Specifically, we analysed struc-
tures remaining from the GREENHOUSE series of tests
and measured water shock in deep and shallow water. In

WELCOME

Colonel Tilford C. Creel
Commander and Director
U.S. Army Engineer Waterways Experiment Station
Vicksburg, Mississippi

these efforts we worked closely with the Naval Ordnance
Laboratory, the Air Force Weapons Laboratory, and Holmes
& Narver, Inc., of Los Angeles, CA. We also became involved
in soil dynamics and the nucleus of engineers for this effort
was from the Soils Laboratory. We were fortunate to have
available talented people to address these new problems. The
Director of WES in 1952 was Lt. Gen. Carroll H. Dunn, who
later became the Director of DNA. We value our close asso-
ciation with DNA and hope it will continue.

Today we read in newspapers or hear over TV the con-
cern of protecting missile silos to overpressures in excess of
1000’s of pei. In 1955 the weapons effects community talked
about getting into the very high overpressure region of 200 psi.
The environment of interest has certainly become more severe
to say the least, and the design of systems to resist these
hostile environments is a real challenge. In our endeavors we
have been not only keenly awsre of the loading and response
of systems but aleo the importance of shock and vibration
effects. As an example, I remember reading a report about
an aboveground reinforced concrete cubicle that was sub-
jected to airblest generated by a nuclear detonation. The
investigator stated the box successfully withstood the im-
posed loads — only a few hairline cracks were observed; the
structure was distressed little. The he went on to say, “How-
ever, the cubicle was displaced 70 feet from its original posi-
tion.” I am not sure that I would have enjoyed a ride in that
structure or the opportunity to learn first hand about its
intemal shock and vibration levels.

Most of you sre aware that the Corps of Engineers
conducts both military and civil work and WES conducts
research in both these arenas. A healthy aspect of this dual
effort is that we are able to apply technology developed for
military purposes and apply it for civil purposes and vice
versa. In one study, before breaching a model concrete gravity
arch dam, we conducted extensive vibration tests and sub-
jected the model to simuisted earthquake motions.

We were not given permission to breach the prototype
but we were alis to conduct vibration tests and successfully
correlated the \ wponse of the prototype and model through
this technique. In this study the effect of an earthquake on
such & dam was determined — a civil problem; also, the mini-
mum amount of explosives in the reservoir at the right place
to cause the dam to break was determined — a military
problem.

For the past 10 years we have been conducting studies
to define the freefield environment as well as tests of blasts
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effects on structures, both buried and above ground, to deter-
mine their vulnerability to nuclear and conventional weapons
effects. Such tests have been conducted with small charges
(up to 800 1b) in test basins located near Vicksburg, with
charges up to 5 tons at Fort Polk, LA; Fort Campbell, KY;
and Camp Shelby, MS. We have also participated in almost
every major field test sponsored by DNA.

I would like to remind you that WES is about 220 miles
up river from here, and I invite you to come visit with us

when you have a chance. It has been my pleasure to welcome
all of you on behalf of DNA and WES and I certainly hope
that your visit will be interesting. After reviewing the list of
speakers and subjects for discussion, I am sure it will be. A
number of our Project Investigators are on the technical pro-
gram and you will be hearing more about our efforts from
them. Also, I hope you have a good time and are able to
enjoy New Orleans.




KEYNOTE ADDRESS

Dr. Marvin Atkins

Director, Offensive and Space Systems, OUSDRE (S455)
Department of Defense
Washington, DC

It is a pleasure and a privilege to be able to address the
Shock and Vibration Symposium. For my topic this morning,
I have chosen to discuss the new strategic Forces Moderniza-
tion Plan which was announced by the President on October
2nd. This is an integrated plan for improvement of all of our
strategic forces — C3, Bombers, SLBM’s, ICBM's and strategic
defenses — which will affect the defense posture of the United
States well into the next century. This plan will affect all of
us here in our lives as citizens, and will directly affect many
of the people in this Symposium because they will be doing
important technical work which is vital in bringing this plan
to fruition.

COMMUNICATIONS AND CONTROL SYSTEMS

Strategic communications and control systems are essen-
tial to the effective employment of our nuclear forces and,
therefore, to the credible deterrence. Our modernization of
these systems in the past has not provided systems with the
requisite survivability and reliability to operate over an ex-
tended period after a Soviet attack, if that proved to be nec-
essary. We need communications and control systems which
will be as strong as the nuclear systems they support. This
requires enhanced warning and attack assessment, mobile
command centers that could survive an initial attack, and sur-
vivable communications links. In the near-term we will im-
prove the survivability, performance, and coverage of radars
and satellites used to warn us of a Soviet missile attack and
assess its size and scope including deployment of mobile
ground terminal, upgraded survivability and improved capa-
bilities for our waming satellites, and the deployment of ad-
ditional PAVE PAWS surveillance radars. We will upgrade the
survivability and capability of command centers that would
direct U.S. strategic forces during a nuclear war including the
deployment of E-4B airborne command posts to serve the
National Command Authorities in time of war, and enhanc-
ing the C-1356 airborne command posts serving military com-
manders through the installation of upgraded satellite and
very low frequency/low frequency communications and air-
craft hardening against nuclear effects. We will also deploy
survivability communications that link command centers
with all three elements of the TRIAD.

In order to enhance our ability for long-term operation
of our forces in a nuclear war environment, we will initiate a
vigorous and comprehensive research and development

program leading to a communications and control system
that would endure for an extended period beyond the first
nuclear attack.

BOMBER FORCES

There is a general consensus on the need for new stra-
tegic bombers to replace our aging B-62 force. We therefore
plan on developing a variant of the B-1 bomber, the B-1B,
and will deploy 100 aircraft with the first squadron opera-
tional in 1986. We will also continue a vigorous research and
development program for an Advanced Technology Bomber
(ATB), incorporating “stealth’’ technology, for deployment
in the 1990's.

Our two-bomber program is considered to be a reason-
able approach to ensuring the continued viability of our stra-
tegic bomber force. The B-1B will restore our ability to pene-
trate Soviet air defenses during the critical period of the
1980’ and will make a good cruise missile carrier and con-
ventional bomber after the ATB is deployed and all B-52’
are retired in the 1990's. The ATB will provide us with high
confidence that our strategic bomber force will continue to
have the ability to penetrate Soviet air defenses into the next
century.

Building the B-1B now will allow time to resolve tech-
nical and operational uncertainties associated with the ATB
without undue pressures to acquire this bomber as soon as
possible. The B-1B will help to bolster our strategic TRIAD
in the 1980’s while we take steps to strengthen our land-
based missiles. We cannot afford to wait until the ATB be-
comes available. Finally, building two bombers will stimulate
competition and provide us the flexibility to adjust bomber
procurement depending on future strategic needs.

In the near-term we will modify our newer B-52's (G
and H models) to carry cruise missiles. The first squadron of
cruise missile equipped aircraft (B-52G’s) will be operational
in 1982, Selected B-52's will be modernized to provide
added protection against the effects of nuclear explosions
(particularly electromagnetic pulse effects) and to improve
their ability to survive against Soviet air defenses through in-
stallation of additional electronic countermessures equip-
ment. We will disperse our alert B-52’s to more bases in
peacetime in order to enhance their survivability. Older
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B-52's (D model) will be retired in 1982 and 1983. Finally,
existing KC-135 aerial tankers will be outfitted with new
engines to increase airbome refueling capabilities.

SEA-BASED FORCES

Our sea-based strategic forces currently represent the
most survivable element of our strategic TRIAD. We will fur-
ther strengthen this force through continued construction of
TRIDENT submarines at a steady rate of one per year and
through development of a larger and more accurate TRI-
DENT II (D-5) missile.

The TRIDENT II missile, scheduled for deployment in
TRIDENT submarines beginning in 1989, will have the capa-
bility of carrying more and/or larger warheads than the cur-
rent TRIDENT 1 (C-4) missile thereby effectively utilizing
the growth room in the TRIDENT submarine missile tubes.
The TRIDENT II missile will nearly double the capability of
each TRIDENT submarine thereby avoiding a reduction in
sea-based capabilities in the 1990’s when our current
POSEIDON submarines reach the end of their service lives
and must be retired. The TRIDENT II missile will also have
much better accuracy than current sea-based missiles, thereby
providing our sea-based forces with the ability to effectively
attack any target in the Soviet Union, including hard targets.

In the near-term we plan to put cruise missiles on attack
submarines in order to deploy a force of highly accurate nu-
clear warheads at sea. Deployment of these missiles will
strengthen our strategic reserve and deter the use of nuclear
weapons against our naval forces worldwide. In a theater role,
they could also supplement the critical deployment of
Ground-Launched Cruise Missiles and the PERSHING 11 bal-
listic missile in countering the massive Soviet buildup of
theater nuclear forces in Europe.

ICBM MODERNIZATION

The Multiple Protective Shelter basing scheme for the
MX missile will be cancelled; however, we are still faced with
the problem of the current vulnerability of our MINUTEMAN
and TITAN force. We will continue to develop the MX missile
and will deploy at least 100 missiles in a long-term basing
option in order to redress this problem.

Since the MX missile will be available in 1986, well
ahead of its long-term basing, initial deployment in existing
silos is the only way to avoid delaying the program. We can-
not afford to put off MX with its improved accuracy, in-
creased payload, and prompt counter-ICMB capabilities. We
will therefore deploy a limited number of MX missiles, as
soon as possible, in TITAN or MINUTEMAN silos that will be
reconstructed by adding more steel and concrete in order to
increase their hardness to nuclear effects. This interim mea-
sure would force the Soviets to develop more accurate missiles

and might well keep them from achieving a high confidence
counter-MX capability until the late-1980’s, by which time
we will have a better system.

For long-term basing of MX we will initiate vigorous
research and development programs on three options. These
options are: Deep Underground Basing, deployment of MX in
survivable locations deep underground; Continuous Airborne
Patrol Aircraft, a survivable long-endurance aircraft that
could launch MX; and Ballistic Missile Defense, active defense
of land-based MX missiles. We plan to choose among these
long-term basing options as soon as sufficient technical infor-
mation becomes available and in any event no later than 1984.

Finally, we will deactivate all aging Titan missiles as soon
as possible.

STRATEGIC DEFENSE

Due to a reiatively lower priority assigned to our strategic
defense systems over the past decade we have not maintained
the level of credibility appropriate to our national goals. In
order to take the first steps toward restoring credible strategic
defensive forces the following programs will be pursued:

@ In coordination with Canada, upgrade the North Amer-
ican air surveillance network including some combin-
ation of new over-the-horizon backscatter (OTH-B)
radars and improve versions of today’s ground radars.

@ Replace five squadrons of aging F-106 interceptors
with new F-15’s.

@ Buy at least six additional AWACS airborne surveil-
lance aircraft for North American air defense to aug-
ment ground based radars in peacetime and to provide
surveillance and control of interceptors in wartime.

@ Continue to pursue an operational antisatellite system.

® A vigorous research and development program on bal-
listic missile defense for active defense of land-based
missiles. This program will include technologies for
space-based missile defense.

® An expanded, cost effective civil defense program will
be developed in coordination with the Federal Emer-
gency Management Agency.

In the years ahead we plan to continue our review of
strategic defense to determine what additional steps may be
needed to achieve a credible strategic defensive force posture.

In closing, I want to thank you again for inviting me to
this Symposium, and 1 will look forward to the personal con-
tributions which you will be making to the modernization of
our strategic forces.
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EQUIPMENT SURVIVABILITY ON THE INTEGRATED BATTLEFIELD

Dr. Charles N. Davidson
US Army Nuclear and Chemical Agency
Springfield, VA

Good Morning! I appreciate the opportunity to address
you today on the integrated battlefield, and on the surviva-
bility of Army equipment on that battlefield. Although I
recognize that the principal focus of this symposium is on
shock and vibration problems, perhaps you will allow me to
set the stage a little by defining the integrated battlefieid;
touching on the conventional, nuclear, and NBC contamina-
tion survivability programs which can drive shock and vibra-
tion survivability requirements in the Army; and indicate
why these programs can no longer be considered indepen-
dently. Figure 1 shows the concept of the Integrated
Battlefield.

Fig. 1 — The integrated battlefield

First, let’s define just what the integrated battlefield is
so we'll all be talking off the same program. The Army de-

fines this term as shown in Figure 2. Please note that nuclear

and/or chemical weapons do not already have to have been

employed for the integrated battiefield to exist; it is sufficient

for either combatant simply to have the capability to do so.
This situstion results from the accepted fact that forces will

not have the time or opportunity to stop and transition from

one form of warfare to another. When combat begine, there-
fore, we must be ready to survive and fight in any and all of
those environments.

THE INTEGRATED BATTLEFIELD IS A COMBAT ZONE WHERE
EITHER OR BOTH COMBATANTS HAVE USED, ARE USING, OR
HAVE THE CAPABILITY TO USE CONVENTIONAL, NUCLEAR,
CHEMICAL, OR ELECTRONIC WARFARE WEAPONS SINGU-
LARLY OR IN ANY COMBINATION TO ACHIEVE A MILITARY
OBJECTIVE.

Fig. 2 — Intagrated Battlefield

At this point, I should document the threat to show
that such a battlefieid is likely to exist, but I propose not to
do so for several reasons. First, I don't have sufficient time;
second, classification limitations here would prevent an
authoritative rundown; and finally, I don't really think it's
necessary. We've all been deluged with quantities of informa-
tion during the last several years, from both official and
unofficial sources, that, convincingly I believe, indicate that,
against the Soviets, any battle will be integrated and we can
expect simultaneous conventional, nuclear, and chemical fires
amidst a severe EW environment. Hopefully, you will agree
that this threat is real.

One more point on the integrated battlefield is important
before we continue. The “IB,” broad and all encompessing as
it may seem, is actually a subset of an even broader concept —
and Airland battle shown in Figure 3.
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Fig. 3 — Airland battiefield concept




This concept extends the integrated battlefield deep into the
enemy rear, provides, by engaging second echelon forces,
time and space for forward forces to conduct their portion of
the battle, and recognizes the joint Service nature of this ex-
tended battlefield.

We might summarize to this point by saying that we
have defined an integrated battlefield which recognizes no
time or opportunity to transition from one form of warfare
to another, and which, as a consequence, requires that we
ultimately consider system survivability from an integrated
standpoint where synergisms may be very important.

The facts are, however, that we’re not there yet and have
a long way to go. We’ve identified the important pieces of the
puzzle, know what to do with some of these pieces, but
haven't yet fitted them all together (Figure 4).

Let’s take a look at how the Army addresses equipment
survivability today — piece by piece.

Conventional survivability (Figure 5) of course, is the
business most of you are in. We assume that you will design
our Army equipment to withstand the conventional environ.
ments — off-road transport, rough handling, firing shocks —
and requirements documents traditionally have included
criteria or specifications for doing so. Additionally, our

requirements have included criteria for surviving small arms fire
and fragmentation munitions. This kind of survivability has
been with us for a long time and, when people in the sixties
and before discussed equipment survivability on the battle-
field, they were talking about survivability on the conven-
tional battlefield. That was fine as long as we were fighting

in Korea or Vietnam, but now we have to consider a different
battlefield — the integrated battlefield — with all that is im-
plied in NBC contamination and nuclear survivability. Let’s
proceed, then, to look beyond conventional battlefield prob-
lems, as serious as they are, at two other programs of major
concem to the Army.

The nuclear survivability program had its origins in the
early 1970’s. Eventually formalized by Army regulation
in 1977, this piece of the survivability puzzle (Figure 6)
has as its goal the research, development, testing, evaluation,
logistic support, and product improvement of critical Army
materiel which will survive the initial nuclear environments
of the integrated battlefield. Based on the philosophy that
the equipment should survive if enough of the personnel re-
quired to operate it remain combat effective, the program
results in specification of thermal, airblast, initial nuclear
radiation, and electromagnetic pulse criteria which are
balanced to each other and to survivability of the operating
crew.

Fig. 4 — The integrated battlefield

Fig. 5 — The integrated battlefield




Fig. 6 — The integrated battlefield

This philosophy is not only straightforward, but has the
beauty of being reasonably scenario independent. The dis-
tances from ground zero at which operating personnel be-
come combat ineffective from nuclear effects are plotted as a
function of threat weapon yield (Figure 7). The distances

RANGE|METERS)

W (KT

Fig. 7 — Comparison of man’s vuinerability to nuclear effects

which govern or extend the farthest are determined. This
governing isocasualty curve (Figure 8) is then truncated in
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Fig. 8 — Governing isocasualty curve

accordance with the spectrum of expected threat weapon
yields, usually determined by the system’s planned location on
the battlefield. Equipment survivability criteria are then calcu-
lated from the worst case environments corresponding to the
threat constrained governing isocasualty curve (Figure 9).

RANGE(WETERS)

e (RH

Fig. 8 — Threat constrained governing isocasusity curve

Airblast criteria, exemplified in Table 1 include one or more
sets of eight parameters each; thermal, nuclear radiation, and
EMP criteria are stated in commensurate detail. It is obvious
that shock and vibration levels can be high. The equipment
seeing this airblast environment could experience accelera-
tions of several hundred *'g"s.

Table 1 — Example Airblast Criteria

Peak Overpressure 10 Pst
Overpressure Duration 0.53 SEC
Overpressure Impulse 1.8 PSI-SEC

Peak Dynamic Pressure 2.4 PSI
Dynamic Pressure Positive Duration  0.69 SEC
Dynamic Pressure Impulse 0.68 PSI-SEC

Peak Underpressure 16 PSI

Arrival Time 1.1 SEC




Fig. 10 — The integrated battlefisld

Every materiel requirments document now written
by the Army includes a statement regarding the need for
nuclear survivability; if the item is critical to mission ac-
complishment and will not exist in sufficient quantities for
tumely replacement of damaged items, a full balanced set
of nuclear survivability criterial will be specified. Critical
systems which are high density will have high altitude EMP
criteria only. Once these criteria have been specified, only
the Army's Nuclear Survivability Committee, a general
officer group established by Army regulation, is empow-
ered to modify or otherwise waive the criteria. Experience
shows that they have granted only two waivers in the four
years of the program, and then only for clearly substan-
tiated technological design, operational degradation, or
cost considerations.

Although there are still problems with the nuclear sur-
vivability program, particularly in the areas of hardness as-
surance on the production line and hardness maintenance
after fielding, I believe this program to be relatively well

in hand. In addition to the Army regulation, other DA
policy documents address the nuclear survivability of com-
mon use equipment. The Army’s Training and Doctrine
Command (TRADOC), which acts as the Army’s combat
developer and requirements writer, has issued excellent im-
plementing regulations. Further, the Army’s philosophy,
methodology, and data base for developing nuclear surviv-
ability criteria have been standardized among the Australian,
British, and Canadian forces as QSTAG 244, and among all
NATO nations as STANAG 4145. Don’t be surprised to see
the same detailed nuclear survivability criteria in foreign
equipment specifications as you would in US systems!

If we say that the nuclear survivability program devel-
oped in the seventies, the analogous program for equipment
survivability in chemical warfare environments is emerging
in the eighties. Actaully, we've named this new program
*“NBC contamination survivability,” expanding it beyond
chemical contamination to include biological contamination
and residual nuclear (such as fallout) contamination as well
(Figure 10).

This program is still in its infancy, although the concept
is established and approved to include three major elements:
Decontaminability, hardness, and compatibility. We define
decontaminability as shown in Figure 11. Even under a

THE ABILITY OF A SYSTEM TO BE RAPIDLY DECONTAMI-
NATED THI RD OPERATING,
MAINTAINING, AND RESUPPLYING IT.

Fig. 11 — Decontaminability

“fight dirty”’ concept of operations, some minimal degree
of equipment decontamination is required. For example,
liquid chemical agents can breach the shield of the soldier's
protective overgarment in time and they must be removed
where they present a contact hasard. To enhance an item's
decontaminability, one must, first, consider use of mate-
rials which do not absorb NBC contamination and which
make easy its rapid removal with decontaminants readily
available on the battlefield. Second, one must incorporate
designs which reduce or prevent accumulation of NBC con-
tamination and make those sreas which are exposed readily
accessible for decontamination — in other words, get rid of
nooks and crannies. Third, one must employ devices and
means which reduce the amount of contamination to be
removed, such as positive overpressure systems for combat
vehicles, packaging for supplies, and protective covers. Finally
one needs to provide space and mounting brackets for instal-
lation of NBC detection, messurement, and decontamination
devices, which will incresse the operational effectiveness of
contamination avoidance, control, and removal; and decon-
tamination verification.

The second major element of NBC contamination sur-
vivability is hardness, which is defined in Figure 12. In general,
most materiel is sufficiently resistant, or “hard,” to the
effects of battlefield concentrations of NBC contamination —
although this cannot be assumed and must be established.

THE ABILITY OF A SYSTEM TO WITHSTAND THE DAMAGING
EFFECTS OF NOC CONTAMINATION AND ANY DECONTAMI-
NATION AGENTS AND PROCEDURES REQUIRED TO REMOVE IT.

Fig. 12 — Hardnem
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Invariably, the greatest damage occurs during the decontam-
ination process. Current decontamination agents are notori-
ously caustic, removing peint, ruining seals and gaskets, cor-
roding sensitive electronic components and plastics, and even
causing structural damage to aircraft. As a minimum, materiel
should be hardened to the extent that none of the item’s
essential characteristics or reliability, availability, and main-
tainability (R AM) requirements is adversely affected.

Decontaminability and hardness are distinct qualities.
Standards for the former are expressed in terms of the resid-
ual hazard to man, and for the latter in terms of materiel
damage. Nevertheless, there is a strong interrelationship.
Materiel high on the decontaminability acale can reduce or
eliminate the need for materiel-damaging decontaminating
agents and procedures, which in turn reduces the need to
harden materiel solely to withstand their deleterious effects.
One thus hardens materiel to withstand the decontamination
process and selects decontamination processes consonant
with the materiel to be decontaminated; the two go hand-in-
hand.

The third and final element of NBC contamination sur-
vivability is termed compatibility. In this context, compati-
bility means that the item is capable of being operated,
maintained, and resupplied by personnel wearing the full
NBC protective ensemble, along with any other required
gear. Collective protection may be necessary to enable the
crew to operate more efficiently for a critical period of
time without the encumbrance of the protective ensemble,
or it may be necessary to improve decontaminability by
reducing the amount of contamination to be removed. But
collective protection, regardless of the system selected, is not
a satisfactory substitute for compatibility. Crewmen must
frequently exit and enter the vehicle and weapons must be
resupplied. NBC contamination will inevitably be introduced
into the crew compartment, forcing assumption of a fully
protected posture. Compatibility with the NBC protective
ensembile is essential.

Thus, for an item to be NBC contamination surviv-
able, it must be rapidly decontaminable, hardened to with-
stand NBC contamination and the decontamination process,
and compatible for use with the full NBC protective ensemble.

Applying the above concept of NBC contamination sur-
vivability, the user must then ascertain whether it is required
for his system. The rationale is clearcut: if the item is mis-
sion essential, it must be NBC contamination survivable. Un-
like the rationale for nuclear survivability, neither system re-
dundancy nor resorting to resupply provides a completely
acceptable alternative. Once a unit is subject to NBC con-
tamination, the redundant and resupplied items will be-
come contaminated in short order.

This concept for NBC contamination survivability is not
only US Army approved, but was also approved in May of
this year by the Australian and United Kingdom armies and
by the Canadian forces. A draft US Army regulation is cur-
rently being staffed to formalize the program at Department
of the Army level, which among other things, will give over-
sight and criteria waiver responsibilities to the same general
officer committee which oversees the nuclear survivability
program. TRADOC has already published regulatory guidance
in this area for its requirements document writers.

Despite these policy documents, the Army does not yet
have quantitative criteria for NBC contamination survivability

existing specifications for decontaminability, hardness, and
compatibility are interim and only qualitative. We are moving
to develop these quantitative criteria with all possible speed,
however. As a result of an out-of-cycle fund request, a con-
tract was let by the Army just last month for a comprehensive
study to develop and recommend quantitative standards for
NBC contamination survivability, suitable for Army use as
criteria. Contract results are due in 11 months time; the
study effort is being guided by a group chaired at the two-
star level. In addition, a four-nation ABCA special working
party has been established to provide Quadripartite inputs to
the study during its conduct. Exactly what form these quan-
titative criteria will eventually take we can’t yet say, of
course. Perhaps decontaminability relationships will look
something like Figure 13. The decontaminability standard
then might state that, for a given equipment category, con-
tamination from agent A in the crew compartment must be
reducible from level X to level Z in 60 minutes using decon
procedure B (level of effort 3).
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Fig. 13 — Decontaminability Standard

A hardness relationship might look like Figure 14. Since
materiel is usually more susceptible to decontaminants than
to the chemical contamination itself, the standard might
require that RAM not be degraded below level Y after the
equipment undergoes level of decontamination effort 2.
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Fig. 14 — Hardness standard

And a compatibility relationship might be expressed as
in Figure 15. In this case, the standard for a weapon system
might require that system kill probability against enemy
threats not be degraded below a certain value if the system
operating crew is in mission oriented protective posture 4.
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Pig. 15 -- Compatibility standard

Only time will tell exactly what form these criteria
will take. What is certain, however, is that the Army will
shortly latch on to another piece of the survivability puzzle
by stating some form of quantitative criteria for NBC con-
tamination survivability in requirements documentation for
mission essential equipment.

Now | have briefly described three aspects of equipment
survivability on the integrated battlefield. It was obvious, I'm
sure, that these three programs were conceived and developed
independently and at different times. Certainly they are each
in a different state of maturity. But despite this historical
difference, we can no longer afford to consider them inde-
pendently because there are too many possible synergisms
when designing equipment to survive these integrated en-
vironments. We know, for example, that increasing blast and
thermal survivability concomitantly increases durability and
other RAM-related characteristics. We have hard data which
show that incressing the radiation shielding characteristics of
tanks also significantly improves protection against conven-
tional munitions. On the other hand, we realize that exter-
nally mounted collective protection components retrofitted
to existing signal shelters are blown away at airblast levels
significantly below those which the shelter itself can with-
stand.

We've already taken the first few steps toward integrat-
ing equipment survivability. As | mentioned earlier, one
Army high level committee will oversee both the nuclesr and

10

NBC contamination survivability programs. In addition,
TRADOC’s regulatory guidance on the two programs is inte-
grated in one publication. The first system for which an
attempt has been made to integrate the requirements is cur-
rently going through the experience — with all of the antic-
ipated growing pains. This system, the Hardened Army
Tactical Shelter, has the conventional fragmentation re-
quirement of stopping a 60 grain 500 meter/sec fragment,
nuclear survivability criteria corresponding to 10 psi over-
pressure, the NBC contamination survivability requirements
that include a collective protection overpressure system.
Building these requirements into a shelter at an affordable
cost and at a bearable weight is a real challenge — but will
provide information and lessons learned for integrating the
equipment survivability requirements for future systems.

You, who are the developers and designers and testers
of Army equipment for the integrated battlefield, will be
directly charged with responsibilities for integrated sur-
vivability —and finally putting this puzzie together (Figure 16).

Fig. 16 — The integrated battiefield




NAVAL OPERATIONS IN A NUCLEAR ENVIRONMENT

Capt. Donald Alderson
Theater Nuclear Warfare Project Office (PM-23)
Departmsent of the Navy
Washington, D.C.

Doctor Sevin is entirely right, we are brand new. We
were charterd on 20 June 1981, and since then we have
been bringing our staff on board. I would like to acquaint
you with the initiatives that have recently been taken in
the Naval Material Command and the way we intend to
approach our responsibilities to improve the Navy's surviv-
ability posture.

The Theater Nuclear Warfare Project Office (PM-23) has
a three-fold responsibility: modernize the Navy's theatre
nuclear weapons stockpile, oversight management responsibil-
ities for survivability and combat effectiveness, and rebuilding
the Navy's technology base to support these two efforts.

The Charter resp: nsibilities for survivability and
combat effectiveness run along classical lines. The organiza-
tion we have structured for it is a classical Naval Material
Command matrix management operation. The project
manager is established as a Rear Admiral’s billet. | am the
acting Project Manager at the present time. We plan to have
51 peopie in this organization in the 1983 fiscal year. We
have 18 people or board now, and virtually all major posi-
tions, except for the technical director, have an incumbent.

1 want to talk about several dimensions of the approach
to survivability. First, and perhaps the greatest importance
is for the Navy to consider those problems that will affect
its combat readiness, even though we are not directly
sttacked — the very long rangs effects.

Communications black-out is a classical phenomenon
with the Navy's requirement for very long haul communica-
tions in many cases; it can affect us, but we can probably
compenaate for it. Water waves, flash blindness, fall-out and
satellite problems also affect the combet readiness of the
fieet. Other local effects exist. Air blast predominates in our
thinking, not to the exclusion of any other thrests, but it is
our biggest problem as we consider all of the local threats.
This is to illustrate & point that pertsins to new construction.
Theve is a price to buy in on hardness with respect to any
one threst, almost irrespective of the level selected. There is
4 reasonably gradual and orderty growth from one level to
the next, and at that time other offects begin to predominate,
and costs tend to sky-rocket. We think we know where the
break-points are.

Another asssssment and hardening program is the
PFAANTALL program which is a program with
DNA. The object is to assess the hardness of the F/A-18 and
several other citesss of aircraft. We have s survivability
improvement program to explore functionaily hardening
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some communication links to EMP on 51 classes of ships;
we will aleo explore “‘cheap kill” hardening from conven-
tional weapons. We have a start next year on a C3-EMP
survivability program and another new start next year on
the non-EMP survivability of aircraft resulting from thoee
effecta of nuciesr detonations other than EMP. These are
thermal and air blast.

This is how we will approach the program. First, we
will focus on the mission critical functions within the con-
text of these several survivability parameters; then we will
consider all aspects of survivability. What can estive and
passive defenses contribute? Are there operational pro-
cedures that mitigate the conssquences? Fleet spacing is
an exampile. We have finally answered all of those questions;
then what must be done to harden platforms snd equipment?
Once the decision is made to harden for improved surviv-
ability, then I think our general approach will be similer to
the Army's approach which Dr. Daviison described. We will
establish hardening criteria, negotiste the waivers, moniter
the implementation of hardening, verify effectivensss by
test, (the big problem is that we do not have a final exam
for our program managers), and assure attention to life
cycle surveillance and hardness maintensnce.

New construction is another facet of the hardness
peroblem. There we have a chanoe to “‘get in at the keel”. We
can implement hazdness st the pistform level, and we
should be able to cover all vital operstional functions; it
seems to be cost effective, and it should minimize validetion
and maintenance problems.

Major functional retrofits are atill another facet of the
hardness problem. The model thet we will use is the back-
fisting of the TOMAHAWK Cruise Misile into the DD963
class destroyers. It will be a major functional retrofit, and
even though we may not be sbie to provide harness assurance
for the total platform, we intend to provide hardness for
that single function. That is, we want to get off a planned
TOMAHAWK strike irrespective of the nature of the
damage to the rest of *he ship, provided it is still aflost and
4 can provide slectrical power.

It has been said that if you want to look at the US
Navy in the year 2000, go down to Norfolk and Jook st it.
A large fanction of it is there. It hes been a problem getting
survivebility built into the Nevy. Many have ashed, “Why
should | do it for my ship ciass when the rest of the Navy
will be soft?"”” We nead to focus on vital functions, consider
the cost and life remaining and do whet we cen.
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Another problem in hardening shipboard systems is they
tend to be reasonably large, very concentrated and quite
complex. When a ship is built, the builder provides essentially
the ship, its propulsion and many of the combat systems. On
the other hand, much of the vital material is government-
furnished equipment; it is either *‘off-the-shelf” or it is
procured under a totally different system: getting hardness
specifications into the government-furnished equipment is a
real challenge to us, and we believe 1t will take a long time.

We also need to do something for the existing fleet.
About a half year ago CINCLANTFLT asked us what we can
do if we have some warning that a nuclear attack may be
imminent. Or if a nuclear attack occurs, what can we do after
the fact to rapidly reconstitute our capability. We have teams
out in Norfolk now doing a quick assessment. We hope to
come up with damage control procedures or readiness pro-
cedures to either mitigate or help reconstitute our capability
after an attack. This is principally toward these far-reaching
effects.

We are setting out to do this job now, and it is challeng-
ing. The structure we must develop, however, will involve
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several organizations. The Chief of Naval Operations staff is
responsible for setting sequirements. The platform sponsor
within the Chief of Naval Operations makes the money avail-
able. The system manager who will actually build the plat-
form, be it ship or aircraft, is also involved. PM23 is the
“broker” with the nuclear expertise operating in the midst
of this group of people. We have to find out how the con-
trols are defined. Are they fiscal controls? Are they pro-
cedural controls? Is it a system such as the Army uses of a
flag officer and a general officer board that must pass on
waivers and accept the criteria, undefined for us as yet?
Whatever it is, it must control the waiver process.

We must do better. Nuclear survivability must get into
the core of all programs. And finally, we must rebuild the
Navy’s technology base in the nuclear weapons effects areas
in the Navy’s laboratory structure. Constraints exist on
Program 6 funds within the Navy. We had fairly decent
programs at one time, but we have a thirty percent cut in
Program 6 funds. We need to use seed money in the systems
development community to encourage consideration of
survivability. And finally, we believe DNA can and will help
us if the Navy program is well-supported.
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SURVIVABILITY OF REQUIREMENTS FOR FUTURE AIR FORCE SYSTEMS

Dr. Henry F. Cooper, Jr.
Deputy for Strategic and Space Systems
Office of the Assistant Secretary of the Air Force for Research & Logistics
Washington, DC

The President’s strategic package, announced on Octo-
ber 2, proposes the most comprehensive program for strategic
force modernization since the Eisenhower years. It is com-
posed of::

® C3] systems to assure communications with our stra-
tegic forces, even after nuclear attack,

® Modernization of our TRIAD of bombers, SLBM s,
and ICBM’s, and

©® Improvements in Strategic Defense.

Major portions of four of these five mutually reinforcing
elements of the strategic program will be implemented by the
Air Force, and will be the subject of my discussion today.
But, first, a word or two on the policy which motivates these
proposed programs.

The intent is for these strategic improvements to greatly
strengthen deterrence of nuclear war by denying the Soviets
any realistic prospects, however, they may define them, of
gaining an advantage by initiating the use of nuclear weapons.
As noted here, deterrence remains the centerpiece of our
strategic policy. However, the evolving strategic realities of
the last 10-15 years have led to serious doubts of the
adequacy of our concept of Mutual Assured Destruction
(MAD) in providing a stable deterrent. These doubts have led
to a monotone evolution of national policy over the last 10
years, as enunciated in public explanations of NSDM-242 and
PD-59, toward emphasis on trans- and post-attack endurance,
the ability to maintain effectiveness over a wide range of
options during a protracted war, the ability to deny coercion
at any stage of conflict, and the capability to administer the
ultimate punishment if necessary. In other words, the trend is
toward developing an apparent war fighting capability, rather
than relying upon the threst of nuclear punishment for deter-
rence. Survivability and endurance are obviously key attri-
butes of strategic systems responsive to this evolving policy
intended to support a protracted conflict in which nuclear
weapons are used.

In response to this evolving policy, the President’s pro-
gram stresses survivability and endurance of our strategic
forces and their supporting C31, and the ability to hold at
fisk targets of strategic value to the Soviet Union. [ will
return to this point as we discuss each of the Air Force

components of the strategic package.

Over the past decade we have developed impressive C31
capabilities for peacetime use. However, we have not made
these systems as survivable as we would like, nor have we
provided a reliable post-attack C31 system. Thus, the
President’s package assigned the highest priority to improve-
ments in our warning systems, command posts, and com-
munications links, including the development of post-attack
reconstruction capability to assure enduring C31. These im-
provements are intended to ensure that we can effectively
employ our nuclear forces throughout all stages of conflict,
which is essential to our maintaining a credible deterrent.

Modernization plans for our warning systems include
PAVE PAWS surveillance radars to detect SLBM launches,
OTH-B radars and additional AWACS aircraft to detect
sirborne threats, satellite improvements to provide better
missile warning, and mobile ground terminals to improve
the survivability and endurance of satellite warning and com-
munication systems.

We plan to upgrade the survivability and operational
capability of the E-4B and EC-135 airborne command posts.
Improvements include increased hardening to EMP effects
and upgraded satellite and LF/VLF communication cape-
bilities. Alternate survivable command posts, such as ground
mobile command posts and deep underground posts, will also
likely be considered.

Improvements in the communication links include a 500
node LF communication network to provide high confidence
trans- and post-attack communication capability. This
multiple-aimpoint system will be coupled with new LF/VLF
mini receivers for the bombers to ensure their timely recep-
tion of execution orders. As mentioned above, mobile ground
stations will also provide enduring capability. Finally, a
vigorous R&D program leading to the capability to reconsti-
tute an enduring C31 system will be undertaken. It is hard to
make systems survivable in the face of highly accurate threat
weapons which are capable of destroying any target that is
identified and located. Thus, to assure systems that remain
capable post-attack, we are compelled to think of ways of
reconstituting capabilities . . . including forces, C31, and
logistics support.

Aa has been recognized for at least a decade, improve-
ments in Soviet ICBM accuracy have led to the situation
where our land based ICBM's are potentially vulnerable to a
Soviet first strike. The Air Force’s preferred response to this
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threat, evolved over a like period of time, was to deploy the
MX Multiple Protective Structures (MPS) system. However,
after a review of basing alternatives, the President decided to
reject the MPS system and to seek alternative more survivable
basing modes for the MX missile. A decision was made to
proceed with full scale development of the MX missile and to
deploy it in either upgraded Minuteman or Titan silos until a
more survivable basing mode is selected and deployed. The
MX missile will provide the U.S. the capability of holding
hardened Soviet systems at risk, and hopefully will motivate
them to spend money to rebase their ICBM’s in a more sur-
vivable basing mode. The current program calls for an inten-
sive evaluation of three basing alternatives: (1) a Continuous
Patrol Aircraft (CPA) which is intended to fly on continuous
airborne alert primarily over ocean areas; (2) the develop-
ment of a deceptively based Ballistic Missile Defense (BMD)
which would be employed to defend the silo based MX (and
Minuteman missiles); (3) deep underground tunnels which
would provide survivable storage of a secure reserve force.
The present program calls for a selection between these three
alternatives by 1984.

The technology requirements of interest to this audience
for the CPA and BMD are essentially the same as those con-
sidered previously for similar systems. On the other hand,
this is the first serious study of the engineering feasibility of
deep basing, and consequentially, the program provides op-
portunities for novel developments. The deep basing concept
assumes that missiles are stored at various points within an
extensive tunnel complex a couple of thousand feet deep,
preferably in mesas where horizontal tunnels can be drilled
from the inside out, commencing at any time from imme-
diately following the attack until perhaps a year after initia-
tion of hostilities. Thus, there are requirements not only to
survive severe shock and vibration of the direct attack, but
also to provide for the continuing operational capability, in
an uncertain post-attack environment, of a self-contained
manned system over an extended period of time. Important
technical issues requiring study also include the development
of more rapid egress than can be accomplished with normal
drilling procedures, and development of a means to avoid
detection on drillout.

In addition to these basing modes which will be con-
sidered for deploying the MX, we expect to continue our
investigation of alternate ICBM’s and basing modes for future
deployment. For example, smaller ICBM’s, which might more
conveniently be based in mobile or other deceptive ways, will
be considered as a part of the Advanced Strategic Missile
System (ASMS) program.

The U.S. must depend heavily on the survivability of
our bombers (and sea based forces) in the 1980's while we
take steps to improve the survivability of our land based mis-
siles. Furthermore, the bomber is perhaps the most flexible
and potentially endurable of our strategic forces. It can be
launched and recalled, can serve as a launch platform for
stand-off missiles {such as ALCM's) against fixed targets of
known location, can be employed against targets of impre-
cise location, and can be recovered, reloaded and launched
again. The President’s plan calls for improvements to the
B-52, purchase of 100 B-1 variants in the late 1980, and the
development of an advanced technology (Stealth) bomber
(ATB) in the 1990's.

Survivability improvements of theB-52G and H force,
which will be used as an ALCM launch platform into the
1990, include EMP, blast and shock and ECM upgrades.
The older B-52D's will be retired in 1982 and 1983. The 100
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B-1's, the first squadron of which will be delivered by 1986,
will be capable of delivering ALCM’s in a stand-off mission,
or of penetrating Soviet Air Defenses into the 1990's, and
will have reload and multimission capabilities in protracted
conflict scenarios. R&D will continue on the ATB which,
under current plans, will be deployed in the 1990s.

Over 3000 ALCM’s will be deployed on the B-52G’s,
B-52H's, and B-1’s. The first squadron of B-52 ALCM carriers
will be operational in 1982, KC-135’s will be re-engined to in-
crease airborne refueling capabilities.

Finally, I would note that in our efforts to ensure the
capability of the bomber to play an important role in pro-
tracted war scenarios, providing enduring logistics support is
a major technical and management challenge.

While there are no major new shock and vibration
challenges offered by these developments of the Air Breath-
ing leg of the TRIAD, the substantial modernization program
clearly will provide the motivation for improving the quality
and efficiency of the already well established technical base
in this area.

We have virtually ignored strategic defensive systems
for a decade. As a result, we have large gaps in radar coverage
provided by the North American Air Defense Warning Net-
work, our strategic air defense interceptors are obsolete, and
our anti-satellite and ballistic missile defense programs have
lagged behind those of the Soviets. The President’s program
takes the first steps toward restoring credible strategic de-
fensive forces. It provides for upgrading the North American
air surveillance network in coordination with Canada. The
plan includes some combination of over-the-horizon back-
scatter (OTH-B) radars, AWACS aircraft, and improved ver-
sions of the ground radar systems that exist today. It also
calls for replacing the aging five squadrons of F-106 inter-
ceptors with new F-15'. The additional AWACS aircraft will
augment the ground based radars in peacetime and will pro-
vide surveillance and control for interceptors in wartime. We
are also developing operstional concepts by which warning
and air defense capabilities can endure in a protracted conflict
involving nuclear weapons.

We also plan to continue to puruse an operational anti-
satellite system as a counter to the capability already demon-
strated by the Soviets.

As mentioned earlier, the President’s program calls for
a vigorous research and development program on ballistic
missile defense. The Army has the lead in pursuing alterna-
tives that represent evolutionary improvements over BMD
concepts of the past. The Air Force will, of course, integrate
its programs with the Army’s activities in order to assure
effective coupling to BMD should that be the selection for
improving the survivability of the land based ICBM’s in 1984.
In addition, the Air Force will be conducting research on
space based lasers which might be viewed as a long term
potential solution for ABM.

Finally, it is noted that civil defense is getting a boost
and the Defense Department will be exploring new program
alternatives in coordination with the Federal Emergency
Management Agency which has the lead in the civil sector.

I would like to close my discussion with a few com-
ments of a general nature. These thoughts will reflect not
only my recent experience which has given me a broad view
of Air Force strategic systems, but also my previous more




narrow background derived from my study of the survivability
of strategic systems to nuclear blast and shock effects.

There is a continuing need to specify the best possible
predictions of the nuclear environment and associated system
response. Of particular interest are improved low-over pres-
sure contours which might affect our estimates of aircraft
safe escape; the dust environment as a function of time fol-
lowing a major nuclear attack which may affect the endurance
and operational capabilities of various airborne systems;
close-in high intensity nuclear environments important to
estimates of silo hardness and deep underground system
design. Of course there is the continuing requirement for im-
proving our theoretical models for system response to nuclear
effects. Given the lack of direct nuclear experience for many
cases of interest and the unlikely possibility of future nuclear
testing experience, there will be a continuing need to develop
improved simulation test capabilities for use in the design and
validation of systems. Finally, given the uncertainty inherent
in this entire process, there is the need for the designer to be
as creative as possible in designing to avoid surprises; that is,
to design around potential but unknown problems.

Too often (in my view) the designer exercises great
creativity in minimizing the cost to design to specifications
that are given with great precision but which are inherently
inaccurate due to uncertainties in specifying criteria. No
place is this more evident than in designing systems to
withstand nuclear effects where the uncertainties are often

not appreciated. Such initiatives to minimize cost have on
some past systems severely constrained the ability of later
designers to cope with improvements in the accuracy of

the nuclear criteria, except at great expense. This classical
design approach then can put us in the situation of being
pennywise and pound-foolish. I wouild recommend that
designers seriously consider innovative developments that
provide growth capabilities at the margin where criteria are
recognized as being very uncertain and where future research
might substantially change current estimates. Similarly, it
may be worth paying a little bit more for hardening tech-
nologies which provide assurance that systems can be main-
tained in a hard configuration. Here, specifically, I am think-
ing of various shielding approaches to the hardening of
electronics to EMP effects whether they be aboard aircraft,
satellites, or on ground equipment. It often does not cost
much to design in hardness initially, but we pay dearly to
retrofit.

As noted previously, there are few new requirements for
shock and vibration breakthroughs. On the other hand, the
several major strategic program initiatives will undoubtedly
assure the continuation and enlargement of research, develop-
ment and testing activities of interest in this community. We
solicit your active support to improve the quality, efficiency
and survivability of Air Force strategic systems.

Thank you for your kind attention.




NUCLEAR HARDNESS VALIDATION TESTING

Dr. Edward Conrad
Deputy Director (Science and Technology)
Defense Nuclear Agency
Washington, D.C. 20305

It is a real pleasure for me to be here today. Although
we do many things at the Defense Nuclear Agency (DNA),
I really consider the most important part of our work to be
technology transfer. It is meetings such as this, where that
technology transfer takes place. I am gratified that the
speakers who preceded me this morning talked about what I
am going to discuss. I feel it is very important that our
Agency should be in tune with the needs of all of the Depart-
ment of Defense. Each of the speakers you heard this morn-
ing is a close friend and colleague and I feel a strong respon-
sibility to support them in the requirements they stipulate.

The first figure (Fig. 1) paraphrases the DNA research
and development mission and identifies the organizations
with which we interact. DNA is the corporstion memory and
the conscience of the DoD nuclear weapons effects data base
and expertise. In this area, we conduct all underground
nuclear tests on nuclear weapons effects and we coordinate
the research among the DoD Laboratories. The Director of
DNA reports to Dr. DeLauer, the Under Secretary for
Research and Engineering, and also to the Chairman of the
JCS since DNA manages the logistics of the nuclear stock-
pile as well as conducts nuclear weapons effects research.

Figure 2 shows some examples of the range of our
activities. Everything you heard this moming from the pre-
vious speakers appears somewhere on this chart. Figure 3
categorizes the activities we address in terms of strategic,
theater, enduring C3, biomedical and physical security. In the
strategic systems our efforts include nuclear hardening
survivability for land based missile systems including the EMP
effects — that is the electromagnetic pulse that arises from
exoatmospheric nuclear detonations. We also explore options
for basing, such as secure reserve force, and consider concepts
for survivability in situations such as protracted warfare. DNA
is also intemately involved in the modernization in our theater
nuclear forces. We provide research that supports the Office of
Secretary of Defense in the High Level Group deliberations
with our NATO Allies on the modernization of forces in
Europe such as the long range forces, PERSHING, GLCM. We
support the Navy in exploring problems of Maritime Theater
Nuclear Warfare. DNA is concerned with the endurance of
our command, control, and communication systems and we
do research on how to provide survivability and protection to
these systems. This not only includes the land lines but also
satellite communications and effects on the ionosphere that
occur directly by exposure to nuclear detonations. With this
brief overview of the DNA activities, I will now give you
examples of many of these programs in a technical discussion
of the DNA efforts — especially in the areas related to the
subject of this symposium ~ shock and vibration,
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In the days of atmospheric testing, we defined many of
the environments that are created by a nuclear detonation.
We tried to learn as much as we could in those days about
blast, ground shock, thermal radiation and nuclear radiation
such as the gamma radiation and the neutrons that eminate
from a nuclear weapon.

At high altitude there are ionization effects that occur
in the ionosphere and at the high altitudes the rarity of the
atmosphere makes the threat from the x-rays that emit from
the nuclear weapon something that has to be addressed.

One example of these atmospheric effects is the STAR-
FISH EVENT that occurred in 1962. It was a detonation that
took place at 400 kilometers in altitude. The ionization oc-
curred over a very large volume in space. This disturbance —
this ionized region — was five to ten thousand kilometers in
length and several thousand kilometers wide. I will return to
the significance of this later on in my talk. Numerous events
occur when a nuclear detonation takes place at high altitude.
These are shown in Figure 4. When the radiation from this
detonation strikes.the upper edges of the atmosphere, it
releases a charge and as this charge moves in the magnetic field
of the earth, it develops an electromagnetic puise that can
move down to impinge on the surface of the earth. This is
what we refer to as the EMP threat to communications and
other ground systems on the surface of the earth. The x-rays
from this detonation can move out to very great distances
striking space objects such as satellites, reentry vehicles, or
missiles. When the x-rays strike a satellite, they release a charge
from the surface of the satellite and this creates a phenomenon
referred to as system generated EMP (SGEMP). This effect
can be highly damaging to satellites and we do investigations
to learn how to characterize this effect and mitigate it.

A collection of photographs of the various testing pro-
grams DNA has conducted to simulate nuclear weapons
effects is shown in Figure 6. Obviously, we no longer do
atmospheric nuclear testing and so we have to provide means
by underground nuclear testing or above ground simulations
to learn more about these effects on our systems.

DNA conducts experiments to investigate the effects of
the nuclear ionization when weapons are detonated in the
atmosphere. This is shown schematically in Figure 6. We
simulate thia effect by the use of barium which is released
at high altitudes and monitored by sending up sounding
rockets in order to learn more about the chemistry that takes
place in the environment. We also do transmission experi-
ments during this test in order to evaluate the effect of theee
striations in producing disturbances on satellite transmission.
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As we propagate signals through it, we characterize this dis-
turbance on our communications, and develop codes for use
in simulators as described on Figure 7. In this sort of simula-
tion we can use the tranamitter receiver and the simulator on
the ground to perform experiments to learn how to properly
modulate and key the signals to optimize the propagation
through the disturbed medium. Detonations that occur in
space not only produce disruption in communication, but
they also create an infrared background. Infrared is used for
many applications and it is important to understand both the
natural background and that created by the detonation.

In Figure 8 we see a test being performed on an aircraft
to assess the effects of EMP. The object above the aircraft
is an EMP simulator that develops an electrical pulse similar
to that which would be seen from a nuclear detonation and
which provides a threat level electrical field. By repetitive
pulsing and continuous instrumentation monitoring at many
points within the aircraft we can characterize what the EMP
disturbance will be. One way to characterize the effects of
exoatmospheric radiation on satellites which produces system
generated EMP, the SGEMP effect I told you about a moment
ago, is to use an underground test.

Figure 9 is a sketch of a test that was done sometime
ago called HURON KING in which we examined the effects
of x-rays on a satellite-like model. A vertical hole was drilled
in the ground to a depth of about 1,000 feet and a nuclear
device was placed at the bottom of this hole. The trick of this
experiment is to let the x-rays come up this pipe and impinge
on the satellite-like model and then choke the pipe off to
prevent any debris from being released. You will notice the
trailers that contained extensive instrumentation which
recorded the satellite-like object response during the explosure.
An enlarged view of the chamber that contained the satellite
model is shown in Figure 10. This chamber had to be used to
provide a background, in other words, an environment, to
make the satellite think that it was truly in space. You will
notice that there are tracks under this chamber and their
purpose is illustrated in Figure 11. This is a post shot photo-
graph of the experimental area showing what happened after
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the detonation. The large crater you see occurred because
after the detonation takes place, a large cavity is formed at
some depth below the ground and as the earth ultimately
collapses into that cavity, a crater results. As a matter of fact
you can see some other craters in this photograph from pre-
vious shots. Obviously we didn’t want to lose the experimental
chamber and the test model and so it was pulled away from
ground zero prior to time when the ground subsidence
occurred. We were interested in recording the response of the
model, not only during the detonation, but for some consider-
able time thereafter. For this reason care had to be taken to
shock isolate the model within the chamber and you will
hear a presentation on how this isolation was accomplished
later in the meeting.

I would now like to return to a consideration of the air-
blast and ground shock mechanical effects and Figure 12
illustrates the nature of the problem. It is necessary to con-
sider the combined effects of cratering, the direct induced
stress wave and the airblast when evaluating ground shock.
The airblast loading which induces ground shock also directly
applies a dynamic overpressure to objects on the surface
which is complicated by muiltiburst effects, reflection factors,
and drag coefficients for the arburst and structural con-
figurations being considered.

Figure 13 is an aerial photograph of a test called MISERS
BLUFF that was performed to gain information on airblast
and ground motion effects on a proposed siting configuration
for the MX system. This test was conducted to explore what
the effects would be on a basing shelter of a missile if the
six nearest neighboring shelters were simultaneously targeted
and introduced the complications of multiburst phenomena
in airblast technology. This test was performed by the use of
six one hundred and twenty ton high explosive shots and in
this experiment we were able to learn how the effects from
the six shots could be summed to determine the vulnerability
of the central shelter. In support of MX, we have also done
experiments to help in the base line design of the various
shelters considered.
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A model horizontal shelter in which we used a dynamic
airblast simulator to assess the integnty of the door and over-
head structure is shown in Figure 14. The dynamic airblast
simulator is composed of a containment structure with an
earth berm placed over it to improve the containment and
properly shape the airblast so that physical measurements can
be made to monitor the response of the shelter. Figure 15 is
a photograph taken during the detonation of the HE charge.
A post shot photograph of the shelter is shown in Figure 16
and illustrates that certain design changes had to be made
before development could go further.

The features of the MX missile and the corresponding
nuclear weapon effects threats are described in Figure 17.
DNA has been working closely with the developers of the
cruise missile to address such issues as blast and thermal
effects on the airframe and propulsion system. We have
performed experiments in which a model of the cruise missile
was placed on a sled and driven past a high explosive charge
to make blast measurements on the structure.

DNA is engaged in programs of cooperation with the
Navy to learn more about how to harden submarines and
surface vessels against the effects of underwater shock. A
photograph (Figure 18) of an experiment that was done ac-
tually several years ago to learn what the effect underwater
shock from a nuclear detonation would be on a submarine
hull at depth. This is a one third scale model with stiffeners
of a section of the submarine hull and it was tested at a depth
of 2500 feet with HE. At that time, this was supposed to be
a success oriented experiment and of course the hardness of
this hull section had been computed with what were then
contemporary analytical codes. You can see the experiment
was not a resounding success. We had learned that the codes
were deficient in accurately predicting the susceptibility of
this section. Since that time the codes have been revised to
provide a more accurate prediction of the survivability of our
submarines.
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Figure 13

A one fifth scale model of the notional submarine
shown in Figure 19 is being used in a cooperative program
between NAVSEA, United Kingdom, and DNA. The model is
actually provided by the British. Using this model we can do
underwater shock tests to learn more about the elastic
response of the internal equipment to simulated nuclear load-
ing. An illustration of the USS ARKANSAS — a nuclear
propelled guided missile cruiser is at Figure 20. DNA and the
Navy are preparing to do some underwater shock tests on this
vessel to better characterize the mechanical response of the
reactors and the cruise missile launcher in the environment of
underwater detonations.

To address the effects of airblast on tactical equipment
DNA periodically performs high explosive tests at the White
Sands Missile Range. Figure 21 is a typical layout of such a
test where the explosive charge is located at ground zero and
various forms of tactical equipment, communication shelters,
vehicles, weapons systems, naval deck structures, are set out
at various distances and instrumented to determine their
response. These tests very often have international partici-
pation. The high explosive charge in Figure 22 is being
assembled at ground zero. This is typical of the recent MILL
RACE and the preceding DICE THROW high explosive
events. This is a stack of 628 tons of ammonium nitrate
fuel oil explosive. The 628 tons is used to simulate the effect
of a one kiloton nuclear detonation.

Figure 23 is a photograph of the DICE THROW event
taking place. I show it to illustrate that it really does work,
also to illustrate another interesting feature which appears
in the photograph which is the shock wave that precedes the
explosion gas cloud.

Post test photographs ( Figure 24) show the blast effects
on some of the equipment in the test. You also note that
there are manikins lying about — those aren’t real people,
those are experimental manikins to learn more about the
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effects of airblast on personnel. Obviously, we are every bit
as much interested in what happens to our personnel, as we
are in what happens to our equipment. The Defense Nuclear
Agency conducts an elaborate program of research on the
nuclear effects of personnel, including the effects of radiation
as well as airblast.

The previous discussion and illustrations have addressed
airblast, thermal and, EMP effects but we also need to study
ground shock. I would now like to address that problem.
Figure 25 illustrates a high explosive simulation technique
frequently referred to by the acronym HEST. It is a high
explosive simulator for producing airblast loads on surface
flush or shallow buried structures. It is a technique that has
been used since 1963 to test operational MINUTEMAN
facilities and many scaled structures. In this simulation
technique the test object is placed in the earth either flush
with its surface or at some distance below and layers of
explosives are placed over the top of the structure. The
explogive array is then covered with an earth surcharge as a
containment mechanism to obtain the desired pressure time
history. A photograph (Figure 26) of the experiment being
assembled shows the foam which forms the cavity dimensions.
The strips you see in between the foam are for the explosive
charges and above this will be placed the surcharge.

An illustration of a design to simulate the direct coupling
of energy to the ground is shown in Figure 27. The test is
referred to as MINE THROW. The test is designed by perform-
ing calculations defining the ground motions from a nuclear
burst in the hydrodynamic region. From these calculations we
indentify a contour of constant peaked stress selected to cor-
respond with the contact pressure between the explosive
and the ground medium to be used in the simulation. At each
point along the contour, the pressure time history and the
impulse is determined from the nuclear event calculation;
then the explosive charge is shaped in such a way that it will
reproduce as nearly as is possible the pressure history at
specific impulse along the chosen contour. The charge is
ignited in such a way as to attain the same arrival of the
detonation wave at the contour as the ground shock from
the nuclear event. Most of our previous tests have indepen-
dently tried to simulate the effects of crater induced ground
motion, upstream airblast induced ground motion, and local
airblast. We are devising experiments in the future that will
combine these effects by the combined use of simulators.
This is illustrated in Figure 28.

For almost a decade we have been using the horizontal
line-of-sight underground (LOS) test to do many of our
experiments in both shock x-ray effects and other phe-
nomena related to nuclear detonations. In this experimental
technique we bore a tunnel into the side of a mountain for
several miles.

At the end of this tunnel we placed a nuclear device
and by the use of evacuated pipes for the tzansmission of
x-rays for x-ray experiments or by side drifts to other tunnels
for structures experiments, we have been able to learn an
awful lot about these effects. The technique is not simple.

It requires many different types of closures to protect the
experimental objects so that we can properly make our
measurements and recover some of the experiments. The
instrumentation for some of these experiments is located in
side drifts in the tunnels. In other cases, we actually run
cables up to the top of the mountain to a mesa where the
trailers that include the instrumentation can be parked. The
complex of underground tunnels in Figare 29 is for the LOS
test “DIABLO HAWK".

Over the years we have examined many different tech-
niques for producing underground structures — means of
drilling them, excavating them and means of reinforcing them
as illustrated in Figure 30. We have had an ongoing program
aimed at examining the integrity of these structures in an
environment of nuclear produced ground motion.

Over the years it has always been appealing to consider
other means of protecting our ground based strategic systems
than the current use of silos. As missile accuracies increase, it
becomes more and more difficult to obtain basing modes that
are truly survivable to attack. I am sure you have often heard
reference to what is called a secure reserve force where some
assets could be protected over a long period of time to be used
in a protracted conflict. One such concept contidered is deep
basing. In such concepts a series of missiles, launch control
centers, and all ancillary equipment would be housed under a
mountain or a mesa. The Defense Nuclear Agency is currently
studying this concept in cooperation with the Air Force and
USDRE. There are a number of critical problems which must
be solved including the method of egress. If this reserve force
should be housed for a number of weeks, when it is ultimately
called upon there must be some means of getting it out of the
mountain. Many of these concepts are to be studied in detail
so that we will have a plan that is backed by experimental
validation s0 that if the decision is ever made to deploy such
a system, we will have the technology at hand to proceed.

This is a small brush of things DNA is looking at today.
We feel a very strong commitment to support the Services.
We are not a management organization; DNA is a service
organization. We are purple suited and take a serious view of
our responsibilities to all the people in the Department of
Defense we work for. It is certainly my intention to keep it
that way.
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INTRODUCTION

Qualification testing is thought by many people to be a
rather routine endeavor, requiring only the application of
well established procedures and technigues. In actuality,
however, qualification testing could hardly be more dynamic,
representing as it does an interface between a multitude of
vendors, customers, testing facilities, regulatory agencies, etc.,
each of whom is striving — but in different ways — to deliver
an acceptable product at minimal incremental cost.

In the DOD field, these factors are ameliorated by the
fact that the specifications are essentially determined by the
government, as are the methods of testing to be employed —
a stable situation, perturbed only (usually) by additional
technical considerations arising during the qualification
testing itself as a consequence of new design features of the
product. Vendors account for the resulting additional devel-
opment costs in setting product prices.

QUALIFICATION TESTING FOR THE DOD
Background

The need for a representative form of test demonstration
of the capability of military hardware to meet the demands
of field environments has been given serious engineering atten-
tion since World War I1. [1] Even in the beginning, it was real-
ized that various environmental parameters can influence this
capability (i.e., temperature, humidity, shock, vibration, etc.),
and so there has been pursued an almost continuous program
of research and development aimed at establishing guidelines
for conducting appropriate qualification tests, and methods
for specifying these tests, for equipment manufacturers. These
efforts resulted in an extensive series of Military Standards
(MIL-STDS) which have been updated periodically. Several
important concepts regarding test demonstrations have
evolved from this general activity, two of the most significant
being qualification (or proof) tests and reliability tests.

MIL-STD 810 [2] has long been a most important source
of guidelines for writing environmental test specifications. A
single failure during a qualification test usually constitutes
grounds for rejection and subsequent redesign or other modi-
fication of the equipment. Often, such tests require time-
accelerated procedures in which the environmental stress levels
may be increased to compensate for reduced test durations.
On the other hand, data given in MIL-STD 810 is generally rec-
ognized to be quite conservative, and therefore can lead to
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unnecessary rejection of equipment that is specifically intended
to be of lightweight design; this would therefore imply that
qualification tests for such equipment should be developed by
some procedure that includes more directly relevant data.

In the nuclear power field the situation is quite different
in that the government sets only guidelines or intentions and
leaves the development of actual specifications to interested
professional organizations. The testing agencies (private
laboratories) then develop the relevant test procedures and
techniques and provide a service to vendors (whose equip-
ment is being purchased by the A/E contractor responsible
for designing and building a plant for operation by a utility
company). The government is required to make final judg-
ments as to the validity of the qualification testing that has
been conducted, but often these are not rendered until many
months after completion — an unstable situation. The ven-
dors consider their products to be ‘mature’ and of proven
reliability (under normal conditions) and have accordingly
priced them to be as competitive as possible; expenses in-
curred subsequently for qualification of seismic environments
are therefore to be minimized. Because this is 8 new industry,
vendors (and even plant designers) sometimes have limited
knowledge of dynamic environments and responses.

The purpose of this paper is to demonstrate, largely by
specific cases, the changing dimensions of qualification test-
ing in the interests of both the DOD and the nuclear power
industry: In the one case the objective is “mission integrity”
and is achieved principally through “generic” testing — the
environment is a “‘stable’ one. In the other case the objective
is “operational reliability”’ and is achieved mostly through
“custom” testing — the environment is an “‘unstable’ one.

MIL-STD 781C (3] also gives standard guidelines for
vibration and other environmental testing where long term
reliability is the prime concemn.

Unfortunately, it has become evident over the years that
the development of generic test procedures characterized by
MIL-SPECS and having the purpose of providing ‘operational
reliability’ or ‘mission integrity’ has led in many instances to
high rejection rates and higher cost through overdesign. This,
in turn, has led to custom testing as a way to insure better
products at lower cost. This is achieved by the development
of alternate methodologies for the development of test speci-
fications; the application of such methodologies, however,
requires that vendors have good knowledge of the requirements
and be able to employ to full advantage the advanced analyzis/
measurement techniques required.




Methodologies for the Development of DOD Test
Specifications

Over the years, qualification and reliability tests have
been conducted in both field and laboratory simulations, in
either case the attempt being that of duplicating the antici-
pated operational environments. Sometimes field simulations
alone can give a reasonable representation, especially when
there is a substantial lack of knowledge about the significant
environmental parameters. Such field simulations are, how-
ever, usually quite expensive and therefore the trend has been
more and more toward the development of improved labora-
tory simulations. To provide simulations that include test
procedures that are even more representative of the antici-
pated operational requirement than are those of, say, MIL-
STD-810 depends upon an improved data base. This in turn
requires the careful acquisition and and analysis of field data
under representative operational procedures and the develop-
ment of new laboratory test criteria from those data. This
step is one of considerable complexity and requires consider-
able engineering judgment. The following examples are in-
tended to demonstrate the evolutionary nature of improved
MIL-STDS and customized qualification testing.

Early vibration qualification tests for most hardware
were based on swept sine, and sine dwell tests whose specifi-
cations could be developed from MIL-STD 810. However,
as one might expect, this type of test was particularly severe
on systems having significant resonances, and failures oc-
curred. If it was suspected that the true environment was less
severe than the one specified (as was often the case), one was
faced with acquisition of field data and development of a
suitable alternate test. An example of such a procedure oc-
curred during qualification of the M200 Rocket Launcher
for service on helicopter airframes. [4] It was first necessary
to acquire flight vibration data for these units, which also
required the development of a mission profile. Analog taped
flight vibration data at anticipated critical locations were
then acquired for various maneuvers of this profile. Analysis
of these data led to two important conclusions:

(1) data for some maneuvers were quite stationary (i.e.,
levels and frequency content were constant with
time), while for others, such as turns and dives, the
data were quite nonstationary, as shown in Figure 1
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Fig. 1 — Mean-square accelerations from AH-1G flight tests,
vertical axis

(2) time averaged power spectra were a useful way of
analyzing the data, again as shown typically in Figure 2.
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Fig. 2 — PSD plot of data from accelerometer No. 5,
instrumentation (code A)

This data showed that vibrational energy was dominantly ap-
plied at the rotor passage frequency (11 Hz in this case) and
several of its harmonics. Results of this type led to sine dwell
tests applied only at these frequencies, rather than at reso-
nances of the specimen, and time duration of the dwells was
made commensurate with the mission profile and a specified
number of missions. Ultimately, this work resulted in changes
to recommended procedures for qualification testing of heli-
copter external stores when MILSTD-810B was revised to
MIL-STD-810C; however, even these new procedures appear
to be still too conservative for more recent lightweight store
designs, and so the program has remained one of active
development.

Another similar example, but for a ground vehicle vibra-
tion test specification development, was conducted for the
LANCE missile. [5,6] This specification included heating and
cooling as well as vibration tests. Originally, a swept sine test
was developed to represent the typical lifetime operational
environment, but the vibration levels were complicated by
the different environments cased by mode of transportation,
terrain, speed, etc. (Figure 3), and which resulted in early
failures. Subsequently, the test was modified several times
and ultimately, a swept narrow band random test was devel-
oped which was shown to be more representative of the field
environment. Based on additional field test data, a completely
different test was developed which included broad band ran-
dom and a swept sine applied simultaneously. The swept sine
component represented energy input from the vehicle track
and varied with speed. Examples of power spectra from two
different carrier modes on a gravel road are shown in Figure 4
for a given part of the service life. Similar data were acquired
for truck and aircraft environments. These spectra were then
used as a criterion for a laboratory time-accelerated test. An
example of a comparison of scaled field spectrum and labora-
tory spectrum for one axis and terrain condition is shown in
Figure 5. Test durations were again tailored to the corre-
sponding service life.




The foregoing two examples show how environmental
tests have developed in considerable complexity, but at the
same time provide a more representative simulation. Such
programs are costly, but can be justified for widely used
systems. In order to develop further information on vibration
environments, other fundamental studies have also been per-
formed (7] in which a model hardware specimen (MHS) was
instrumented to measure vibration, and was tested in several
helicopter and ground vehicle environments. The specimen
represented an arbitrary hardware item (an assemblage of
beams) with nautral vibrational modes randomly oriented in
space and frequency. Figure 6 shows some typical results of
vibration levels felt by each beam with the MHS secured in a
M35 Truck which has run over a ground vehicle course; the
strong character of nonstationarity of the data is again
evident. A vibration test representing this environment was
developed by matching power spectra for individual parts of
the course, as shown in Figure 7. Again, the trend to addi-
tional complexity in the tests is evident; however, a more
exact simulation is achieved.
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There has also been considerable attention given to the
development of better laboratory systems for producing re-
liability tests. For some time, there has heen an interest in
the Army Test Methodology program to develope a vibration
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data to compare the effectiveness of several different types of
reliability environments. [10,11] Five different types of
reliability tests were applied to five different sets of five
radios. Each test included operation of the radios and some
form of simulated environment. Vibration data were acquired
during flight, and this sequence was repeated many times for
flight tests on the Sample Set V radios. This data was also
used to develop tests for the Uniaxial (set II) and Triaxial
(Set IV) radios. Figures 9 and 10, respectively, show sampies
of field and laboratory triaxial data. Of course, matching of
time averaged power spectra for different parts of the opera-
tional sequence was used as the vibration test criteria. In ad-
dition, one group of five radios (Set III) was subject to the
AGREE test specified in the B-version of MIL-STD-781, and
one group (Set I) was subject only to bench tests, where only
electrical operation was simulated. It was found that humidity
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and nonuniformity of personnel operations had a large in-
fluence in the results, while results for the vibration tests
remained inconclusive. The prohibitive cost and time for
field testing is the driving force for continuing efforts along
the lines of laboratory simulation just described.

QUALIFICATION TESTING FOR THE NUCLEAR POWER
INDUSTRY

Background

Recommended procedures for seismic qualification of
nuclear plant equipment and components have undergone a
rapid development over the last several years. Although the
general guidelines have remained relatively intact, the detailed




procedures have changed significantly. These changes result
largely from reactions to individual problems that have arisen
spontaneously in the various test laboratories during actual
qualification tests; unfortunately, the details are often buried
in company proprietary test reports, and have rarely been
published for general evaluation. A major problem for seismic
qualification testing is that there is no operational data base!

This lack of data base information further aggravates
difficulties arising from the fact that many organizations are
involved in the total qualification process. {12] The vendor
issues a contract for testing of a specific hardware item, with
given test specifications, to a chosen test laboratory. The
specifications are written by the A&E firm to whom the
vendor is a supplier. In turn, the A&E firm must satisfy its
contractual requirements with the utility company whose
plant it is constructing; and, finally, the utility must satisfy
licensing requirements of the NRC. One of the few unifying
aspects of this qualification process has been that many
interested members of these various organizations have served
on the IEEE committees that have actively developed the
guidelines for qualification. The NRC has, in turn, published
standards which either approve or supplement these guide-
lines. Unfortunately, the result of this somewhat convoluted
process is that there has been very little published research
evidence to support the test procedures that have evolved.

General guidelines for the conduct of seismic qualifica-
tion tests are specified by the NRC in Standard Review Plans.
[13,14] These quidelines require considerable supplemental
explanation and, therefore, rely on standards written by
committees of the IEEE. For example, IEEE 323 [15] isa
standard* which addresses general environmental require-
ments, while IEEE 344 [16] is a more detailed guideline
for seismic qualification of electrical equipment. It is further
supplemented by NRC Reg. Guide 1.100 [17], which recog-
nizes the use of IEEE 344 for qualification of both electrical
and mechanical components. Such documents are further
supplemented by various other standards that apply to more
specific equipment such as Valve Operators. [18]

Although there has been little published hard data on
developments in seismic qualification, several review papers
have appeared. [19,20] These were followed by a further
review (21] of research needs, which was based on observa-
tions during various seismic qualification tests. One research
program, that was based on experimental data throughout,
and which sought out and identified specific problem areas,
recommended approaches for their solution and developed
new concepts for handling the qualification process, has also
been reported {22].

Test Methods and the Response Spectrum Anomaly

The following discussion is directed toward identifying
some of the problem areas presently occurring in seismic
qualification testing. The case to be reviewed involves an
electrical network control cabinet [22], although the results
are applicable to both electrical and mechanical equipment,
in general, and to qualification by analysis as well as by test.

A typical electrical cabinet was subjected to a variety of
seismic tests that are currently recognized by IEEE 344-1975,
and furthermore, by Reg. Guide 1.100. The objective was to
develop data from which the responses to various tests could
be compared. Figure 11 illustrates the cabinet and instru-
mentation locations, the latter involving three triaxial

*An updated version of this standard is NUREG 0688,
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accelerometers and three strain gage channels to measure
excitation and response data for the various tests. In prelim-
inary tests, the cabinet natural modes were determined by
resonance searches when mounted to the floor and when
mounted on a biaxial seismic simulator. Figure 12 shows
several of the prominent floor-mounted modes below 35 Hz.
Typical transfer functions for the simulator-mounted searches
are shown in Figure 13 from which it can be seen that some
differences in frequencies occurred for the two different
mounting methods. Procedures for handling these differences
during qualification tests have evolved as a consequence of
this data.

The cabinet was subjected to a series of qualification
tests, including biaxial independent and biaxial dependent
tests for typical ground level specifications. Both random and
earthquake signal sources were used to develop the drive
signals for the simulator. Further, another series of tests, for
floor level specification, was also imposed that included
biaxial independent, uniaxial, sine beat, and sine dwell excita-
tions. Both random and earthquake signal sources were again
utilized to produce a typical floor level test. Figure 14 shows
time histories for a typical biaxial independent random
ground level test run while corresponding required response
spectra (RRS) and test response spectra (TRS) are shown in
Figure 15. These response spectra demonstrate a typical, and
very important, problem; both Figure 15a and 15b show an
excessive test zero period acceleration (ZPA) compared with
the required value. This problem has been discussed at length
in References 20, 21, 22, and appears to indicate over-conser-
vatism in the test, resulting from a mismatch of the response
spectra. This discrepancy may be a consequence of an insuf-
ficient designation of tolerances required to achieve the
proper ZPA, or can often occur because, indeed, no time
history can be generated that will match the RRS entirely!

In any event, the effects of this “‘apparent” overconserva-
tism on test results needs to be evaluated.

Data from the individual runs during the various tests
were correlated in terms of peak measured response (a:',) asa
function of peak response (3, ) predicted from the response
spectrum. That is,

a; = 25" |H31(wr)|alr

where Hj, is a transfer function and §, is modal damping.
Examples of typical results are shown in Figure 16. This
type of correlation indicates that reasonable agreement exists
between measured responses and those predicted by shock
spectrum analysis. The principal discrepancy seemed to result
from nonlinearity of the transfer functions for the various
modes. A second type of correlation was developed in terms
of average RMS response (a3) as a function of average RMS
excitation (a, ). That is,

a3 =Ay,a,

where A3, is a constant. Correlations of this type are applica-
tions of the equations developed for a general structural
system. [ 23] This also recognizes the RMS value as a useful
measure of intensity, as has also been pointed out in Refer-
ence 24. Examples of some of the results are presented in
Figure 17. In general, it can be seen that less scatter of data
occurs for data of a given type of test run. Further, each test
run having similar sustained damage potential falls on a cor-
responding curve, which helps point to the development of a
parameter which describes an all-around damage severity of a
given type of test. [25]
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The possibility of an undertest was suspected when a
time-average power spectrum of the excitation was computed,
with the results shown in Figure 18b. It is immediately ap-
parent that there is essentially no energy in the input 13 Hz,
where from Figure 13a, it can be seen that the first fore/aft
bending mode of the cabinet occurred. On the other hand,
the RRS indicates that energy input and amplification should
occur at this frequency. Thus, a direct contradiction has
occurred. This can further be realized by looking at the data
in Figure 19, which is based on the response acceleration at
the cabinet top. Although the input energy peak at 7.5 Hz is
amplified, again, there is no resonance at this frequency; in
fact, there is no amplified peak in the response spectrum at
13 Hz, where a resonance is known to occur. This is further
evidenced in Figure 19b, where the response power spectrum
shows no prominent energy in the response at 13 Hz.
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In view of the above excitation response spectrum data
(Figure 18a) alone, it would appear that a proper test has
been conducted; and, in fact, that a severe overtest has been
employed. On the other hand, the additional data and the
power spectra in particular indicate that something is awry
with the test, and an undertest has occurred. It must be
emphasized that there is nothing special or peculiar about
the time history used for this test run. In fact, similar results
were found to be present for all ground level tests that were
utilized for signals generated from both random and earth-
quake sources. It is immediately obvious that this type of
anomaly can affect most of the qualification tests that are
performed today.

Other Questions and Problems

It is important to mention the current revision efforts of
the IEEE 344 Committee, as a way of outlining some of the
other questions and problems that are evident. Generally,
these deal with both analytical and testing areas of
qualification.

There are several aspects of basic accuracy in enveloping
an RRS with a TRS. The matter of margin deals with how
much conservatism is inherent in an RRS even before a TRS
is attempted. There is also a move toward making spectral
damping values more uniform. Tolerances associated with
enveloping are also being considered because these have a
very pronounced effect on the costs of tests.

Adequacy of simulated earthquake waveforms is of con-
cern. In both analysis by time history and in testing some
form of earthquake representation is generated; there needs
to be more evaluation of the potential methods of generating
the appropriate time histories. Associated with this is the ad-
dition of motion from other dynamic sources (i.e., valve
closure, etc.). How can these additional effects be properly
added to those of an earthquake?

Spectrum intensity or damage severity is a very im-
portant concept. It is especially necessary to allow compar-
ison of the effects of one type of test (or assumed analytical
load) with that of another. It is especially important for
SQRT efforts in evaluating prior qualification of operating
plants. This also leads to the question of in-situ testing.

Generic and type testing procedures need to be clarified
more in detail. In particular, how effective is combined test
and analysis for qualifying a series of valves of different sizes?

Several areas of qualification by analysis are being con-
sidered for revision. As an exmaple, should some form of
partial experimental verification be included in all analyses?
Is this appropriate for qualification of multiple cabinet
combinations?

Various questions remain with regard to line-mounted
equipment. Should torsional effects of valves on attached
pipes be included? Are narrow band random motion tests
more representative than the large amplitude sine sweep tests
now in use?
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SOME ADDITIONAL DISTINCTIONS AND PROBLEMS
Interactive Environmental Testing

In general, environmental testing in the DOD area is
performed prior to vibration, acoustic, and shock testing, and
usually in that sequence. The purposes of the environmental
tests are to ‘“‘age” the test item prior to subjecting it to
dynamics environments and to insure the ability of the test
item to survive the specified environments. Environmental
testing in the nuclear power plant area, however, involves
subjecting the test item to the specified conditions both pre-
and post-vibrations testing. The purpose of the pre-vibration
exposure is again aging, while that of the post-vibration
exposure is to demonstrate that the test item can remain func-
tional under postulated abnormal plant operating conditions
occurring after a ‘‘worst case seismic event.

The sequence and type of environmental tests per-
formed under DOD philosophies varies widely with both the
intended use and location of the test item; i.e., sheltered or
non-sheltered equipment, iocation within an aircraft, missile,
ground vehicle, etc., and whether the equipment is classified
as mechanical. electrical, armament, etc. In contrast. environ-
mental tests for nuclear service have a fixed sequence regard-
less of the intended location of the test item; the test
parameters are, however, a function of test item location and
are specific as to both a given plant and location within that
plant.

The variety and sequence of environmental tests generally
to be performed for DOD and nuclear service are shown in
Figure 20. The DOD tests include a group of temperature and
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pressure extremes, a group which can be said to be related to
weathering or outdoor environments, and a group of other
specialized conditions; all of these precede the group of tests
characterizing dynamic environments. The nuclear environ-
mental tests are intended to produce long term aging charac-
teristic of a 40-year service life and primarily in controiled
indoor environments. Extreme condition testing is then con-
ducted after the dynamic testing to simulate abnormal oper-
ating conditions in the plant.

Frequency Range

Vibration testing typical of DOD requirements involves
frequency ranges representative of the environment produced
by vehicles such as fixed and rotary wing aircraft, ground
vehicles, and ships. The frequency ranges to be used in vibra-
tion testing are specified ir a few standards (MIL-STD 810C,
MIL-STD 167, Ships) and are of the order 10-103 Hz,

On the other hand, nuclear related vibration testing is
relatively more complex because the frequencies depend
heavily not only on the seismic event itself (1-35 Hz), but
on the attenuation or amplification of the dynamic environ-
ment provided by the response of the building structure in
which the equipment is located. Other dynamic events, such
as the activation of steam relief valves, response of pipelines
to internal flow conditions, etc., may therefore extend the
frequency range of interest up to the order of 102 Hz. There
are no general standards available to provide guidance in
nuclear qualification testing, and therefore test conditions
are defined by the many different A/E firms responsible for
plant design. There are very wide differences resulting from
site specific considerations and even from differences in
engineering judgment as to what constitutes conservatism.
After-the-fact evaluation and judgment as to the adequacy of
the testing procedures greatly aggravates the cost of com-
ponent qualification.

Equalization and Control in Dynamic Testing

Probably the oldest vibration test procedure adopted
either by the DOD or the nuclear industry is the sinusoidal
test. While this general test method is quite useful for deter-
mining system characteristics such as resonant frequencies
and damping, its use as a generic qualification procedure is
limited and often unsatisfactory because it generally results
in highly overdesigned equipment. A similar generic test
developed specifically for the nuclear industry is called the
RIM (Required Input Motion) test. This test specifies a dwell
(or beat) at the equipment resonant frequency at a base g
level equal to the maximum expected peak in the earthquake
transient, i.e., a dwell at the ZPA level, Unfortunately, even
for the lightest weight equipment, this test is so demanding
of the test facilities that it is rarely attempted.

An alternative form of dynamic testing involves the ap-
plication of a specified transient (shock) or continuous
random waveform time histories (PSD) to linear systems.
There are stand-alone digital based equalization and control
systems readily available that can reproduce these inputs on
electromagnetic exciters which are linear with respect to ac-
celeration control. On the other hand, electrohydraulic actu-
ators which are nonlinear with respect to acceleration control
(linear with respect to displacement control) often require
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iterative procedures in addition to the FFT and inverse trans-
form algorithms employed in linear control systems. There
are several digital control system techniques now developed
for shock spectrum enveloping. [26]

Vibration test levels representative of operational DOD
environments are often now specified in terms of an accelera-
tion power spectrum (recall that the PSD spectrum is the
time average rms acceleration levels taken from stationary
random response time histories). The response spectrum for
earthquake simulation, on the other hand, is the peak re-
sponse of a series of single degree-of-freedom oscillators to a
nonstationary random time history input. During the strong
portion of an earthquake event, a duration of approximately
15 seconds, the time history is for the most part stationary.
Using these facts, trends are underway in the nuclear industry
to employ a mapping between the two spectrum representa-
tions. [27] This would allow methods for correcting an
elevated spectrum for known levels of overtest and combin-
ing response spectrum on an energy basis. The nuclear in-
dustry is historically response spectrum oriented; however,
there are studies in progress to supplement the specifications
with corresponding strong motion PSD spectra.

It is rather interesting to consider where in the DOD and
aerospace areas the power/response spectrum specification
would be appropriate as well. One might consider those por-
tions of a maneuver spectrum where a nonstationary vibra-
tion response would occur, for example, during a transition
from one maneuver to another or during deployment of
weaponry from a flight vehicle. The importance of such
considerations stems from the fact that in a PSD spectrum
the expected peak acceleration to overall rms level is usually
about 3.0 while values on the order of 5 to 7 can actually be
experienced in a nonstationary input such as in the earth-
quake event.
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REQUIRED DEVELOPMENTS IN STRUCTURAL DYNAMICS

Ben K. Wada
Jet Propulsion Laboratory
Pasadena, California

INTRODUCTION

First, you have to understand my background so when 1
cover the topics that require developments in structural dy-
namics, you know from what viewpoint I am approaching it.

I developed much of the information from my associa-
tion with NASA for the past 20 years; I spent the last 15
years participating in discussions on structural dynamics needs
of NASA. About four or five years ago, NASA Headquarters
formed a team comprised of various members from the
NASA Centers, and we visited many organizations in an
attempt to find out what industry felt were some of the
pressing needs in the area of structural dynamics. We visited
a representative number of military aircraft, commercial
transport aircraft, helicopter, and aircraft engine organiza-
tions. We obtained a broad perspective of the needs from
industry.

As expected, each particular type of industry had certain
unique requirements. However, rather than to cover the
unique requirements and needs of the various industries, I
decided to cover subjects which would interest the broad
majority of the people here, not specific interests to indi-
vidual companies. [ will talk about what | feel are some of
the current and future needs of the vast engineering com-
munity from an engineering point of view.

In order to project the future requirements, I tried to
determine what some of the key developments were in the
structural dynamics area in the past 15 to 20 years which
significantly affected the engineers. There were only about
two, three or possibly four areas where I feel significant
developments have occurred, and where the engineers can use
the output by-products. They were really determined, not by
new developments in the area of applied mechanics, but by
developments in other fields which allow the use of some of
the information we already had.

At the risk of contradiction I will name those two or
three developments; and again, this is strictly my opinion.
One was the finite element method which came out 20 years
ago, and it was linked to the development of computers
which aided the engineers. Another development which
might fall in that category is the modal component synthesis.
With the development of computers you suddenly had a
massive number of modes which had to be truncated in order
to obtain solutions in a reasonable time. I think the third area
is in the area of testing using the Fast Fourier Transform
packages which allow you to extract the mode shapes and the
natural frequencies from test data. I am trying to project the
future developments that might exist in other fields, and how
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we can take advantage of those to develop new areas of
structural dynamics which would be contributory.

The other thing that I noticed was that, generally, many
of the developments were conceived by theoreticians. The
programmers develop programs, the experimentalists develop
experimental techniques, and the educators instruct students.
When completed, they have looked at it from their own
perspective, and not from the engineer’s point of view.
Frequently the engineers are forced to use the products that
these individuals developed. Today the developments are so
expensive, like the development of the NASTRAN program,
for example, that it is very difficult to start over or to
reformat the resulting product. It is becoming very expensive,
not only from the point of view of the total dollars spent,
but also from the length of time it requires to develop some
of these tools. We vstimate anywhere from one hundred to
five hundred million dollars per year being spent on structural
dynamics at the current time. Many commercial firms who
sell computer time estimate anywhere from 30%-50% of their
total revenues come from structural dynamics or structures-
type analyses, so a lot of money is involved. Also, the soft-
ware is frequently fixed, again, because of the tremendous
investment. There are many organizations, including JPL,
that are not in a position to maintain their own software
programs because of the expense. So, we rely on commercial
firms which have a wide base of users to help support the
maintenance of some of these programs; this is a trend
toward better control of their tools.

Many companies indicated difficulty in obtaining cor-
rect solutions. An engineer must have a good idea of the finite
element method, to be able to take a blueprint and properly
model, to eliminate numerical round-off and convergence
errors. Many companies are finding that they have a very dif-
ficult time finding people whose answers they would believe.
In fact, many companies said, *‘Yeah, we have one or two
guys that we trust to get the right answers.” They might have
12 others who are just developing numbers, but that is under-
standable. We have structural dynamicists who know about
D-map statements and the like, but they have very little
feeling for what a structure is.

In the future, the feeling is that getting correct answers
will be one of the key items. In fact, if you look at one of the
new requirements, nonlinear analysis will be very significant,
the reason being they are beginning to push the technology
areas and the structures are beginning to interact more with
their environment. Consequently, many more nonlinear
influences tend to be significant. This is not a situation where
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you can just add mass to keep it linear. For example, they are
trying to increase engine performance with higher speeds and
lighter blades, which enhanced the flutter problems in the
blades. Even today the problem in nonlinear analyses is how
do you know when you have converged on the right answer?
Often, the only criteria we use is, if the answer looks right,
we must have converged. I think many other organizations
will have the same problem unless they have something to
guide their answers.

One of the questions we asked four or five years ago at
NASA Headquarters was, ‘“What will the new software
package be in the future?” The general feeling is that it is
too expensive. They will possibly have to get multi-govern-
mental sponsorship, if it will be sponsored by the government,
and that will be very difficult, I think. I have a feeling that
there will be another tool, but I do not know what it will be.
And again, new requirements such as large space structures
and nonlinear analyses will be very important.

CURRENT DEFICIENCIES

I will concentrate on only a few of the current areas of
structural dynamics requiring additional effort. One is to cor-
rectly calculate mode shapes and natural frequencies for com-
plex structures. With massive stacks of computer output, it
is not a matter of “Where do people sit these days, it is where
to put the computer output.” With the quantity of data (not
necessarily information), it is very difficult for analysts to
use their physical intuition to validate the answers. They do
not have access to the information in the concise form to
allow them to use their physical intuition.
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I think the engineers have lost much of the control of
the analysis because they are using complex ‘“‘canned’’ pro-
grams that many of the engineers do not understand in suf-
ficient depth to easily modify the output to concisely
obtained data to help establish validity of the results. Every
experienced engineer has an approach to condense data and
to evaluate the information to establish validity, which is not
documented and thus not transferred to the inexperienced.
Somehow part of the information should be incorporated
into a computer program so other engineers can use it to
validate the results.

One example of condensing data which are already in
existing programs is to calculate the kinetic energy distribu-
tion in the mode shapes. Mode shapes per se are vector quan-
tities while kinetic energy is really a scalar quantity. You can
combine them. You can subdivide a system into as small a
number of divisions as desired. A user can obtain a good
insight of the character of a mode shape from its kinetic
energy distribution by reducing the quantity of data and
properly selecting a subdivision.

To help illustrate my discussion, I will use the results
of a modal test of the Viking propulsion system which was
performed about eight years ago. Figure 1 depicts the test
setup which predominately consisted of two large, partially
filled tanks held together by a series of structural members.
Table I illustrates how the first two mode shapes were
described with a very few numbers which represents the
percentage of the total kinetic energy per mode.

Another method to reduce data is to calculate strain
energy distribution of a mode shape (scalar quantity which

Fig. 1 —~ Original propulsion system model




can be algebraically added). The data provide information
on the highly stressed areas of a structure for a particular
mode, and provide insight on structure elements whose stiff-
ness characteristics strongly influences the mode. If interested
in changing stiffness to influence the mode, you must not
concentrate on structure areas which necessarily have large
displacements. For example, in the first mode of a canti-
lever beam, it is the base that has the highest strain energy
and lowest displacement, whereas the tip has the largest
displacement and smallest strain energy.

Inertial reactions at the base of a structure of various
mode shapes allows you to calculate all of the lateral, axial
or torsional modes which affect the interface loads, This
information can provide valuable insight as to the proper sub-
set of modes selected for a response analyses. One shouldn’t
arbitrarily select the number of lowest frequency modes
which can be handled by a program. Table II illustrates effec-
tive weight evaluation.

Some of the valuable checks to help validate the results
should be easily available to the engineer from a computer
program. One is the rigid body motion. For each mode shape,
a prescribed rigid body motion at its restraint will indicate
ill-conditioning. As an example, if a unit motion results in
motion of all nodes > .99, the mode shapes are sufficiently
accurate to use in modal combination analyses, whereas
values < may result in ill-conditioning. The situation can
be corrected by modifying the matrices to force near unity
translation or modifying the mathematical model or using
more accuracy in the computation.

In order to provide condensed data for the engineers,
the computer programs must be adaptable to give each the
information desired. This should include the option for an
engineer to select the subdivision for kinetic energy and strain
energy distribution and to quickly allow other information

necessary to help validate the results. The computer pro-
gram can also be a repository of various methods and tech-
niques used by engineers to check the results for the use of
the inexperienced.

The next topic is correlation of math models with test
data. Analysts use sophisticated methods to develop very
complex mathematical models, and test engineers develop
advanced test techniques. To some degree the test results and
analysis never correlate. Often the goal is to update a math
model to match the test data. At that point many organiza-
tions recognize a problem. “How do you update a gigantic
math model to match the test data?”’ They go to all that
trouble to obtain a sophisticated math model and test data,
and very often techniques to update the math model to
match the test data are not available. In an attempt to match
the first and second modes, the other modes diverge. I think
this situation has occurred on most programs. We made a few
trial runs to attempt to update the math model and soon
realized it was a long, hopeless problem to accomplish the
task in a timely manner because the procedures were not
automated. It was usually an engineer attempting to guess at
the required changes. You have a model in the computer so
let the computer help in updating math models to match the
test results. Some work has been done. Several organizations,
including JPL, have worked in this area, but I do not think
we have the solution. I have some examples to illustrate this
which I will discuss later. Another companion question is the
criteria for correlation. There is almost no work in this area.
We made an attempt to address the question at JPL several
years ago, but we have not pursued it, not because it was not
interesting, but because it was a tough problem. The tough
problem is, “How close does a math model have to be to test
data?” Should the frequencies be within 10% or 5%? The
answer is not that simple. What will you use that model for?
If it is for a forced response solution, what is the nature of
the forcing function? If it is a transient-type forcing function,

Table I — Kinetic Energy Distribution, % of Total Kinetic Energy

MASS POINT ORIGINAL  MODEL MODEL ORIGINAL MODEL MODEL
AND DIRECTION TEST ANALYSIS A 8 JEST ANALYSIS A 8
MODE 1 MODE 2

X 2.6 34.0 4.0 313
OXIDIZER TANK Y 76.8  68.2 .6 7.3

z 50.1 35.1 18.7  21.8

X 13.8 16.7 213 18,0
FUEL TANK Y 180 243 18.5 19.1

b4 0.7 2.2 1.3 2.8

Table II — Effective Weight Comparison, % of Total Weight and Inertia

DIRECTION  TEST  ANALYSI
MODE |
wl
w, 83 M3 0.0
W, ° 0.2 0.5
' %0 %0 9%.5

ORIGINAL  MODEL  MODEL
A8

®.2

0.5

9.6

ORIGINAL  MODEL  MODEL
ANALYSIS A 8

ST
MoDE 2
3.6 a7 6.7 485
1.2 1.0 0 9
a2 15.% 13 10,5
4 0.3 ] 0
80.3 9.1 9.1 .7




then the correlation criteria differs from the criteria for a
sinusoidal input. For instance, damping might be a significant
factor. In one case it is important, and in other cases it is not.
Is it for calculating accelerations? Is it for calculating intemal
member loads for structural design purposes? Those are two
very distinct objectives. Are they to be used for control pur-
poses? So again, depending upon how the data are used, the
criteria for correlation will differ. In our work, we took a
very simple case. We stated that we wanted the accelerations
to within 10%, and we also stated that the forcing function
was impulsive in nature. Then we were able to arrive at the
correlation between the math model and the test data we
needed to achieve accurate answers. I think there is very little
serious research going on in this whole correlation criteria
issue. 1 think engineers are always faced with that problem
and they use either engineering guesses, or they proceed by
default because they don’t have an alternative.

Table II1 illustrates some of the efforts we tried to
update the math model of the same propulsion system shown
in Figure 1 to match test data. Again, of the same propulsion
system. We grouped them into different groups of elements
called them ABCDEFG. We analytically perturbed these
elements by as much as 40%. Once we had the analytically
perturbed structure, we attempted to use the math model
updating procedure to converge to the original answers.
Table IV shows the original frequencies and mode shapes

Table III — Perturbed Analytical Model Member Grouping

GROUP DESCRIPTION PERTURBATION

A SIDE BIPODS, 4 MEMBERS SUPPORTING THE TANKS +40n
N A VERTICAL PLANE

8 TOP BIPODS, & MEMBERS SUPPORTING THE TANKS -3
IN A HORIZONTAL PLANE

C 3-HOLE TANK TABS, 4 SUPERELEMENTS THAT FORM +30%
THE LINK BETWEEN THE SIDE BIPODS AND THE
RIGID TANK

4 TOP SIAMESE TANK TABS, 2 SUPERELEMENTS CON- 20
NECTING THE WO TANKS AT THE TOP

E BOTTOM SIAMESE TANK TABS, 2 SUPERELEMENTS +40%
CONNECTING THE TWO PLANES AT THE BOTTOM

3 PRESSURANT TAMK ROUND MEMBERS, 3 MEMBERS 308
SUPPORTING THE PRESSURANT TANK

G PRESSURANT CONTROL ASSEMBLY (PCA) SUPPORT 0

STRUTS, & MEMBERS SUPPORTING THE PCA

Table IV — Frequency Convergence of Perturbed

Analytical Model
ORIGINAL P[woﬁm ITERATION
MODE  FREQUENCY, FQQ&I[NCY, Ist, nd, 3rd, o, Sth.
N, ] W owm w W W
i 12,37 B.& 1,87 12 123 1237 B»’%
2 15.85 16.34 15.07 15.8 15.8% 15.86 15.85
3 19.37 2.2 18,51 19.3 1937 19.38 19.31
4 26.49 2.5 28 .15 2024 2048 208
5 7.9 28.30 2150 BB 2.9 29 2.9
] .19 s M08 M2 M7 M0 M9
7 2.0 £2.64 L6 L0 L0 w8 L0
] a.e "o S0 A8 e 48 4L
L] 52.3% 52.61 51.5% S2.9 Se.48 5241 52.3¢
10 52.51 54.21 52.41  S2.65 %52.65 52.%0 52.51
n 60.47 6l 58.65 6034 60.30 005 00.47
12 60,9 [ % A48 6L2) 612 6LO5  80.%

*CONSIDERED AS THE TEST DATA TO WHICH THE PERTURBED MODEL IS
LA
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on the math model. Then we used iteration procedures
which did allow convergence of the perturbed model to the
original answers. So in a research sense, we found that if you
used analytically perturbed models, many procedures devel-
oped by various investigators do converge to the original
answers.

Table V illustrates the convergence when we tried the
same procedure on real test data. We tried perturbing the
math model in two ways to converge upon the test frequen-
cies. In Model A we perturbed the stiffness elements, and
once we did the best we could after changing the stiffness
elements, we perturbed the mass elements. In Model B, we
first perturbed the mass elements, then we perturbed the
stiffness elements. We found that many of the procedures to
update a math model with real test data do not work. I think
the situation is that a math model doesn’t contain the
information needed to converge on the test data, or there are
nonsystematic errors in the test data which aren’t present in
mathematically simulated test data.

The next logical significant area requiring effort is to
establish a criteria for “‘goodness” of the correlation between
analysis and test. Very little work has been performed in this
area. An example of a simple criteria is shown in Table V.
For mode 1, the difference between the test frequency and
the original and updated math models are shown in paren-
thesis as (0.58), (0.55) and (~0.47) which indicates an im-
provement. An overall comparison for the first ten modes
is shown at the bottom of Table V and it is the root-sum-
square of the difference. They are 7.29 Hz, 3.52 Hz and
3.62 Hz which indicates an overall improvement. We tried
many ways of establishing the criteria in addition to root
sum of the squares which included absolute values, and
weighted values. Then we realized that the values of direct
interest to us were not frequencies but dynamic loads which
are used to establish design loads. Comparing the root-sum-
square of the modal force coefficients of two typical
elements (Table VI), the errors increased as the difference in
frequencies were decreased. The criteria for ‘‘goodness’ of
correlation has not been established and most likely is de-
pendent on the unique requirements of the particular problem.

Table V — Comparison of Test Frequencies to the

Original and the Improved Models
TESY ORIGINAL MODEL MODEL A DEL B
MODE  FREQUENCY, FREQUENCY, FREQUENCY, Hzgum{v,
_NO. W Hz W Wz
1 12,95 . 1B.% B
2 %.;g)‘ (0,55 -0.47
2 17.66 15.85 1n.% 1.
1.8 10,01 (0,38
3 . 19.3 X1 .98
nx ll.dg) 2'3.?3' ss 18
4 .9 20.89 2.9 2.9
3,52 0.0 10,000
.33 21.9 28.35 2.1
i 2 10.43) 10,02 .00
327 M. 19 RN 32.16
¢ 2.6 -1.4% (S, @ (6.00
. 80 . .85 4285
! a ‘15.% 0,05 -0, 05
. 47, 90,32 50.48
: .ol w.gg» ©.0 10,19
9 L] 52.39 2. 52.40
2. |§,w 1.5 2,00
5,38 5 . Q.8
e &8 1) %8
RSS OF DFFERENCE
ALL 10 MODES 1.9 3.5 3.0
FIRST 6 MODES 4,50 0.57 0.6}

STHE VALUES 1% PARENTHES: S RFFER 10 THE DIFFERENCE  TEST FRE
QUENCY (ESS MODEI FREQUENC Y,




Table VI — Force Coefficients, Newtons

MODE NO.
MEMBER

NO. TEST v ANALYSIS 1 2 3 4 5  RsS

4 TEST -26275 3430 11837  -2370  -1944
ORIGINAL ANALYSIS ~ -25484 5022  -10556 4915 -1864 327
MODEL A -29778 7684 5366 -3212 4371 932
MODEL 8 -29306 6894 -8968  -3072 -3249 622

3 TEST -2071  -387.4 3794 4026 3278
ORIGINAL ANALYSIS  -3283 -4880 3234 5520 4337 219
MODEL A -303.7 -619.8 770 3452 5431 442
MOQDEL B 3320 -629.1 1871 3545 4865 352

For the lack of time, I will briefly touch upon other
areas. The next topic is modal synthesis. There are computer
programs, like NASTRAN, one can use for modal synthesis.
One of the problems is that in order to use the modal
synthesis technique, unlike the finite element method, engi-
neering judgement must be used, and it is very easy to make
undetectable errors. The correct displacement functions must
be selected; if you add erroneous displacement functions,
they may unduly constrain a structure which can’t be easily
detected. If you include dependent modes, the matrices
become singular; there are many engineering errors that can
be made that go undetected. I believe that very few engineers
have sufficient insight to the analysis process to get good
solutions using modal synthesis. Many of the “learned”
process and check procedures should be incorporated as part
of a computer program to document the experience.

Another topic is the accuracy of the response calcula-
tions. Difficulty exists in approximately calculating the least
upper bound of the loads within the structure subjected to
a dynamic forcing function. This situation exists in attempt-
ing to evaluate spacecraft loads from the launch vehicle (or
Shuttle) as the dynamic characteristics of the spacecraft are
modified.

Another very important problem requiring work is the
*‘inverse” problem of determining the forcing function from
the response data. Although the mathematics of the solution
are not difficult and the *‘inverse” solution has been shown
to be valid on mathematically simulated cases, the procedure
has not resulted in satisfactory answers using real flight or
test data. I think the primary reason for failure is that the
frequencies and impedances of the math model did not
adequately represent the real structure.

FUTURE

At JPL we ask, “What are the trends?” We are looking
at this, and we are trying to determine where we should do
our research, and in what areas we should invest some of our
research funds. One trend is toward distributed computing.
We feel computing is going toward the small mini computers
spread throughout various facilities, and the big central com-
puting facilities are beginning to disappear. One of the activ-
ities at JPL is to develop a VLSI for finite element computa-
tion in conjunction with parallel processing using our own
large integrated circuit design and fabrication facility. The
objective is to increase the speed and accuracy for computa-
tion to prepare for the future needs. Again, the hardware
costs are decreasiny, and software costs are increasing, both
for its development and its aintenance. ‘We cannot afford
to maintain NASTRAN; we need experienced programmers

that will always be available. So in essence, we are going to
computer centers to buy our NASTRAN, ANSYS, and other
programs because it is just too expensive for us to develop
computing capability and maintain the software. What is the
next NASTRAN? Nobody knows, but I think more sophis-
ticated tools will be required. The problems will be more
complex and there will be many more analysts attempting to
solve these very complex problems. The lack of engineers
today to obtain solutions to complex problems will be
enhanced in the future years.

One of the future requirements will be much more
reliance on analysis than there is today. One reason is testing
is extremely expensive and becoming more complex. Struc-
tures that interact more with their environment will be more
Pprominent in the future because of the trend toward higher
pertormance or a high area to density ratio. Nonlinearities
will become more significant to the design resulting in test
difficulties because of the difficulty in separating the cause
and the effect. Large space structures will be another
problem because they cannot be tested on earth. Six years
ago JPL worked on a solar sail concept for propulsion. The
concept was to build a 0.35 square mile 1/10 mil Kapton
sail and use the solar pressure for propulsion. One reason
the concept was eventually eliminated is that the dynamic
analysis performed without a system test was not adequate
to commit the solar sail for a mission. A system test couldn’t
be performed on earth. Thus I foresee requirements for
higher confidence analyses of large complex structures, test
verified subsystems which are mathematically integrated into
a larger structure, requirements that are insensitive to
structural characteristics of the characteristics.

I see a large number of problems and a number of dif-
ferent hardware and software tools available to the engineer
for solving them. The engineers will select the appropriate
set of tools to solve a problem with the help of a control
activity to increase efficiency and accuracy. Preliminary
efforts to evaluate the cost is under study at Duke University
to simulate the cost of parallel processing computation versus
serial processing computation for user defined problems.
Other objectives are to establish the cost advantage of parallel
processing and to evaluate the potential cost savings of nu-
merical algorithms developed specifically for parallel process-
ing. An example may be the introduction of the relaxation
method of solving a series of linear equations.

We feel that artificial intelligence techniques, or some
way of feeding beck information to provide solution guid-
ance to the engineers about their proposed solution tech-
nique, or methods to help assure accuracy of the results,
must be provided with the analyses tools to solve the more
complex problems with a larger arsenal of solution tools.




We have helped develop a program by which an engineer
can interactively try different displacement functions to
describe a finite element to help establish the impact of the
assumption.

In summary, I tried to cover briefly what I feel the cur-
rent problems are in structural dynamics from an engineer’s
point of view. Using history as a guide, major future contri-
butions in structural dynamics will be closely related to
developments in allied fields. We must provide the engineers
with added tools and proper information with adequate
feedback and flexibility to allow use of good engineering
judgement and intuition. Engineering judgement will still be
vital to obtaining answers in the future.

DISCUSSION

Mr. Himelblau (Rockwell International Corp.): You
mentioned two of the more serious problems that we currently
face; one is the accuracy in response calculations and the
second, as you call it, is the inverse problem of determining
loads from response. But the real key is the lack of infor-
mation on damping, and I think this has been an issue that
has not been faced in the last 20 years or more with possibly
one exception. It appears to me on the basis of all of the
future trend prognostications that I've seen, including your
own, that that issue is still going to remain unfaced. I'd like
your reaction.

Mr. Wada: I know how Harry feels. My feeling is that it
is very difficult to predict damping beforehand. You can do
all the analysis you want, but from everything I have seen
damping is governed by factors such as joint slippage that
can't be predicted. So, even if you did a million degrees of
freedom finite element analysis to predict damping you will
not get a better answer, I think it is the sort of situation
where unless you actually build a damping device where you

want to know a prescribed value and properly put it into the
design, you will have a very difficult time predicting it. Yes,
it is important, vut I feel there is little that can be done
except to use good engineering judgment plus past experience
to guess at some of the numbers.

Mr. Himelblau: Then why are we spending literally mil-
lions of dollars to develop computer codes to determine
mode parameters, with one exception, and why don't we put
any research money into the one factor that we recognize is
one of the major deficiencies?

Mr. Wada: 1 don’t give out the money, but when you
spend money, you are looking for the return on the invest-
ment. If I look at damping, the return of research is very
small or zero.

Mr. Himelblau: How large was the investment that you
gave for that return?

Mr. Wada: It doesn't matter. If the return is zero, I
don’t think you should invest any money, but that is a
personal feeling. There are specific special purpose dampers,
and there are many organizations that provide them. But [
think you are asking for research to predict modal damping,
and we tried it. We tested riveted and bolted joints, and we
found their damping was a function of manufacturing and a
function of amplitude. There are so many variables that we
couldn’t even determine a trend. If you plot damping versus
design, it is just like a big shotgun blast, and the general feel-
ing was that it is so manufacturing-dependent that research
in that area just didn’t seem to make any sense.

Mr. Himelblau: So, you are saying that if we really
can't get a handle on it, we should just try to ignore it.

Mr. Wada: No. No. No. You can’t ignore it. You have to
use your engineering judgement.
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‘.i‘. EFFECT OF SEALS ON ROTOR SYSTEMS
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Q;g, David P. Fleming
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o Cleveland, Ohio 44135
o
eals can exert Targe forces on rotors, As an example, in turbopump
, ring seals film stiffness as high as 90 MN/m {500 000 1b/in) have been
p ¥ icalculated. This stiffness is comparable to the stiffness of rotor
::;33 support bearings; thus seals can play an important part in supporting
ey and stabilizing rotor systems. This paper reviews the work that has
ﬂ:c' been done to determine forces generated in ring seals. Working
'of%.c formulas are presented for seal stiffness and damping, and geometries
Y to maximize stiffness are discussed. An example is described where a
change in seal design stabilized a previously unstable rotor.
oet
g
;.:.: INTRODUCTION SYMBOLS
LI
”::\vl Ring seals have received considerable study A defined by Eq. (22)
st over the past dozen years. The principal reason
for this attention is the increasing importance a defined by Eq. (23)
“ 5y of seals in affecting the dynamic response of
"‘l. machinery. Large forces can be generated 8 seal damping coefficient
:‘: between shafts and seals; these forces can be
at;:o useful in supporting and stabilizing rotating _ BC
R machinery. Conversely, improperly designed B dimensionless damping N Apgp—
':'f‘ seals can promote inst;bility. ’ LD |/p )
@£ o
J Figure 1 illustreates a ring seal. This ~ BC
“ seal has the appearance of a journal bearing, so B dimensionless damping D Pggp—
~;’.~. it is not surprising that bearing-like force; ’ L°0 VP e
i) o0
KN can be generated. Seals typically have larger
KN clearances than bearings; thus hydrodynamically - .
.n:'. generated forces would be lower. (Stiffness, ¢ radial clearance of concentric seal
A which equals force/displacement, changes as the
N inverse cube of clearance for laminar flow. . . ina. B '/ 8
Stiffness is frequently used rather than force T dimensionless damping, "+ 2o
- to characterize a seal or bearing.) However,
1 the pressure drop across a seal yields a
vzj,".n hydrostatic force which varies directly with the 0 seal diameter
cab pressure drop. This force can be quite large in
:4."}: high-pressure machinery; for example, the E defined by Eq. (21)
“:i interstage seals of the Space Shuttle fuel pump,
oy with a pressure drop of 140 bars (2000 psi) has F seal radial force
o a calculated stiffness of 38 MN/m (220 000
- 1b/in.) [1]. 6 seal inertia coefficient
'-':f? The purpose of this paper is to review the h local seal clearance
NS development of force determination in ring
t i seals, and to present the latest, most accurate K seal stiffness
B methods of calculating seal forces,
M Additionally, seal geometries to maximize KC
7 generated forces will be discussed. An example 4 dimensionless stiffness, =10
-7y of seal effect on rotordynamic behavior will o
oy also be presented.
l::?
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L seal length
M leakage flow
p pressure

q Ruw/U

R seal radius

Re Reynolds number, 2CoU/u

Re, “sonic* Reynolds number, 2C |/yp°oo/uo

u local fluid velocity
] u for centered seal
v swirl velocity

W swirl ratio V/Rw

X,y transverse coordinates

z axial coordinate

a seal taper half-angle

Y specific heat ratio

€ eccentricity ratio e/c

n total entrance loss factor 1 + ¢
A friction factor

u fluid viscosity

13 entrance loss factor

o fluid density

] dimensionless seal length aL/C
w angular velocity

Subscripts:

0 upstream stagnation region

1 seal entrance

2 seal exit

ANALYTICAL PRINCIPLES

In the earliest analyses numerous
simplifying assumptions were made. Later work
removed some of these assumptions. In order to
aid in understanding how a high-pressure seal
operates, it is useful to go through the most
elementary analysis. For this analysis the list
of :ssumptions is, of course, the longest and
reads

1. The sealed fluid is incompressible.
2. Effects of rotation are neglected.

3. Fluid flow is one-dimensional in the
axial direction, that is, any circumferential
flow is neglected.

4, The eccentricity is small compared with
the seal concentric clearance.

5. The fluid friction factor is constant
throughout the seal.

6. A1l flow is steady state.

7. Entrance losses can be accounted for by
a suitable choice of loss coefficient.

8. There is no pressure recovery at the
seal exit.
The analysis begins with the continuity and
momentum equations. These are given in [2] and
for invariance with time are

hggso (1)
1 SE A 2 v Y (2)
“edz*™ W dz

The boundary conditions are
2
p-po—npulz at z2=0 (3)

p=0 at z=L (4)

where n is the total entrance losg factor. It
is the sum of the pressure drop, pu¢/2, that
occurs due to Bernoulli's principle, and the
pressure drop due to the developing velocity
profile in the fluid. The value of n is 1.65
for laminar flow [3] and drops to near 1 for
highly turbulent flow [4]

The solution to Eq. (1) fis
u = constant (5)

and to Eq. (2)

2
p=plz=0) -2 (6)

Appiying the boundary conditions,

o = o (3 + 1) ™
P = pylL - z)/(g% + L) (8)

The total restoring force on the seal can be
found by integrating the restoring component of
pressure over the seal area




2w L
F=-R/ f p cos @ dz de@  (9)
4] 0

The local clearance h is given by

=C(l + ¢ cos @) (10)

Invoking the small eccentricity assumption
§€ << 1), and subst1tut1ng £qgs.
8) and (10) in (9)

F = maRp LonCe/ (nC + 22L)° (11)

or, defining a dimensionless stiffness K

- F o
K = = (12)
CDOLD 2(" + 20)2
where
o = AL/C (13)

Having derived this simple expression for seal
stiffness, we can use it and the seal model to
gain some understanding of how the seal develops
its stiffness, Figure 2 shows the fluid
pressure in the concentric seal as a function of
axial distance. After an initial abrupt drop
(due to the Bernoulli effect and entrance loss,
Eq. (3), the pressure drops linearly to zero at
the exit. The clearance and fluid velocity are
uniform around the circumference,

Now consider what happens when the seal is
moved to the side, Fig. 3. The clearance varies
around the circumference according to Eq. (10).
On the high-clearance side, the fluid can move
faster than before, and, conversely, on the
low-clearance side it has to go slower. The
entrance pressure drop depends on the fluid
velocity, so there's a greater initial drop on
the high-clearance side. On both sides, the
pressure must drop to zero at the seal exit.
Thus the pressure profiles look like those
depicted in Fig. 3. The pressure is generally
higher on the low-clearance side, and this

results in a force that tries to center the seal.

Figure 4 is_a piot of the dimensionless
seal stiffness, K, versus the parameter o
which may be thought of as a dimensionless seal
length. The entrance loss factor was chosen as
n=1.1, which is a value representative of
turbulent flow. For low values of o (i.e.,
short seals) stiffness rises with seal length.
A peak is reached, and then stiffness drops as
length increases. This phenomenon may be
explained as follows: for very short seals, the
entrance effect is the dominant pressure drop
mechanism, that is, the seal behaves somewhat as
an orifice. With wall friction playing such a
small part, the pressure profile does not change
much with seal eccentricity (see Fig. 5) and
thus the stiffness is low. Conversely, for long
seals wall friction causes the bulk of the
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pressure drop and again the pressure profile
changes little with eccentricity. Thus the
greatest stiffness occurs when the pressure drop
due to entrance effects is comparable to that
due to wall friction. This is similar to the
situation in externally pressurized bearings,
where for maximum stiffness the restrictor
pressure drop equals the film pressure drop. To
carry the analogy further, one could say that
the seal entrance is analogous to the restrictor
in a pressurized bearing.

A SHORT HISTORY OF ANALYTICAL DEVELOPMENT

The foundations of seal force analysis were
laia by Henry Black and coworkers [5,6,7]. In
keeping with the assumptions listed above,
Black's analyses are one-dimensional.
Essentially, Black looks at flow in a duct with
a wall which moves transversely; thus the flow
is unsteady. The results consist of
coefficients for stiffness, damping, and
inertia, such that the force on the seal is
given by

F=Kx+ BR +GX (18)

In [6], shaft rotation is accounted for by
assuming that the entire flow field rotates at
one-half the shaft speed. The fluid equations
are solved in a coordinate system which also
rotates at half shaft speed (with fluid being
assumed to flow axially in the rotating
system). A coordinate transformation then
yields an expression for forces on the shaft in
the x and y directions

F K-362 3B X

1 1.2
Fy -7 Bw K-7 G y

K, B, and G are the same as those for the
nonrotating case. Black did, however, modify
the friction factor to account for the
additional fluid velocity due to rotation. For
turbulent flow

3/8
-1/4 7
A = 0.079 (2—:%) [1 ({-g ﬁﬁ)] (16)

This form was suggested by Yamada [8]. It may
be noted that the mean flow velocity U is not
known a priori; it must be found through
iterative solutions of Eqs. (7) and (16). 1In
(7], the circumferential variation of friction
factor is accounted for; this results in a
substantial increase in the direct stiffness
coefficient Kyy (Fig. 6) but relativeiy small
changes in the damping and inertia coefficients,
compared with the constant friction factor

T T




solution., As Fig. 6 shows, the rotational
velocity affects the results; stiffness rises as
rotational speed increases and, as shown in [7],
damping decreases.

The works cited up to now have all used a
small eccentricity analysis and presented
results for small perturbations about a centered
seal position. Allaire, Lee, and Gunter [2]
extended the analysis to obtain results for a
perturbation about a finite eccentricity
position. They employed numerical integration
to obtain stiffness, aamping, and total load
capacity for various seal eccentricities. In
another departure from earlier analyses, the
authors of [2] neglected the time variation of
fluid velocity in the governing equations. This
change simplifies the solution procedure but
inevitably introduces some inaccuracy in the
calculated damping coefficient (the stiffness is
unaffected). In El] this inaccuracy was found
to be no more than 16 percent, with the
simplified solution overestimating the damping.

The results of the finite eccentricity
calculations showed that, in general, seal
stiffness and damping are not much affected by
eccentricity (Figs. 7 and 8). The exception is
the damping in the direction of displacement,
where, as would be expected, the damping
coefficient increases considerably as the seal
journal approaches the side wall. Seal rotation
was not considered in [2].

Effect of inlet swirl. - As noted above,
Black [6] accounted for seal rotation by
assuming that the fluid circumferential velocity
is one-half of the shaft speed throughout the
seal. Actually, the fluid velocity only
approaches this limit asymptotically as it
proceeds through the seal. In applications
such as centrifugal pump interstage seals, the
fluid may enter the seal with little or no
rotational velocity. Furthermore, if the seal
length is short, fluid rotational speed may
differ appreciably from the half-shaft-speed
asymptotic value even at the seal exit. Thus
seal dynamic properties are likely to vary with
the amount of inlet swirl present. The effect
of inlet swirl has been investigated in two
papers, one by Black, Allaire, and Barrett [9]
and one by Childs [10]. The analysis in [10] is
the more comprehensive, as it solves the
short-bearing turbuient lubrication equations of
Hirs [11,12]. Since several of the assumptions
listed in the Analysis section need no longer be
made, it is worfﬁwﬁile to list those assumptions
stil] required by [10].

1. The sealed fluid is incompressible.

2. Pressure-induced circumferential flow is
neglected (the "short bearing" approximation
1

3. The eccentricity is small compared with
the seal concentric clearance.

4. Entrance losses can be accounted for by
a loss coefficient.

5. There is no pressure recovery at the
seal exit.
Childs results {10] for direct and cross-coupled
stiffness and damping are given for turbulent
flow by

2
wa 1 q 1 + 6E
Kxx=Kyy=“+2° 1.255—;(L D) I

2W, -1
oo o))

(17)
ey = Ky :al':q - §+ ?’Z (1 + 6€)
24, - 1
B2l et
(18)
a E,A
L 1 LAk AR )
T --F \/ZILQ 1 + 6E

2W, -1 -a
4_%_&_[(1 - e")(g +%+ 1;2)_ %_ Eé_] (20)

R CER:™ (21)
A=l (22)
Y
2
a.a(1+§z'7—f—;*-) (23)

Also, q is defined as the ratio of journal
rotational speed to mean axial velocity,

q=g (24)

The initial swirl ratio W} is the ratio of
circumferential fluid velocity at the seal
entrance to the journal speed.

Y1
Hl = e (25)




The swirl ratio approaches 1/2 as the fluid
proceeds through the seal; Wj=1/2 implies the
half-journal speed assumption of Black and
Jenssen [6].

While the expressions above appear
complicated, they can be programmed on a pocket
calculator or digital computer in a
straightforward manner. Figure 9 shows the
results of the calculations., The seal used for
these calculations has a length to diameter
ratio of 1/2; the circumferential journal speed
is 1/2 that of the mean axial fluid velocity.

As expected, preswirl has a stronger effect
for small values cf o, the dimensicnless seal
length. The larger the initial value of
circumferential fluid velocity, the smaller is
the direct stiffness and the larger the
cross-coupled stiffness and damping, while
direct damping is completely unaffected.
Cross-coupled stiffness is usually viewed as
promoting instability. Small values of preswirl
reduce Kyy and thus would appear to be
stabilizing. The authors of [9] point out that
negative preswirl - the fluid revolving opposite
the direction of shaft motion - can result in
negative Kyy and thus counteract
whirl-producing forces elsewhere on the shaft.

State of the art. - This term is used with
some misgivings, as ring seals continue to
received intensive study and new publications
appear frequently.

Equations (17) to (20) presented above
appear to be the most comprehensive available to
calculate seal stiffness and damping, requiring
the fewest simplifying assumptions and
presenting results in explicit form. Results
are limited to small displacements from the
centered position, but, as shown in [2], seal
stiffness and damping are largely insensitive to
seal eccentricity. The source of £gs. (17) to
(20), {10], also presents expressions for
inertia coefficients, but these are usually of
minor importance.

Recently two authors have investigated
seals of finite length (thereby eliminating the
short seal assumption). In [14] the turbulent
Reynolds equation was solved numerically for
finite eccentricity ratios, using the finite
element method. Childs, in [15], starts with
Hirs' bulk flow equations [11,12], transforms
them to ordinary differential equations by small
eccentricity assumptions, and integrates
numerically. Both references report that the
short seal solution overestimates the seal
coefficients with the error increasing for
longer (L/D) seals.,

In this connection, Black and Jenssen [6]
proposed correction factors for finite length
seals based on an approximate analysis. The
results of [14] and [15] indicate that these
factors result in overcorrection. A more
accurate formula would seem to be

K) K 1
- LY
Bfinite  \BJsnore 1 * 0-6 (15)

EXPERIMENTAL CORRELATION

Experimental data, particularly dynamic
data, are very sparse. Black and Jenssen show
results of experiments in [6] and [7] for axial
Reynolds numbers up to 20 000 and rotational
Reynolds numbers (based on half journal speed)
up to 14 000. Both unidirectional and rotating
load (due to unbalance) tests were run. In both
papers, agreement between analysis and
experiment is shown as close, although the
analysis of [7] employed the local friction
factor effect while that of [6] did not. Childs
and Dressman [16] have presented preliminary
resuits which show that measured direct
stiffness is generally a good deal higher than
predicted by 310] (to 90 percent) while direct
damping is much lower than predicted.

OPTIMUM GEOMETRIES

Thus far it has been tacitly assumed that
the seal clearance is constant in the axial
direction; in other words the seal has a
straight bore. From physical reasoning it is
easy to see that the direct stiffness would be
higher if the clearance at the fluid exit were
less than at the entrance. In [17] Fleming
calculated stiffness for seals with stepped and
tapered bores (Fig. 10) and determined optimum
geometries to maximize either the stiffness K
on the ratio of stiffness to leakage K/M. This
was followed with calculations for damping in
tapered bore seals [1]. Figure 11 shows that
substantial increases in stiffness are possibie
with an optimum taper configuration. The
stiffness increase is obtained with only a
moderate leakage penalty. The inlet-to-outlet
clearance ratio for the maximum K/M seal is
nearly constant over the entire range of
dimensionless seal lengths (o) shown in Fig. 11
having a mean value of 1.9. Direct damping is
lower in tapered seals as shown in Fig. 12.
This is principally because of the tapered seals
larger average clearance (tapered and straight
bore seals are compared using the minimum
clearance in the seal)., More recentiy Childs
extended his solution of Hirs' lubrication
equations to tapered bore seals [18]. His
results agree qualitatively with those of [1]
and [17]. Childs considers variable inlet swirl
and rotational effects within the constraint of
the short bearing approximation; thus greater
accuracy would be expected.

SEALS FOR COMPRESSIBLE FLUIDS

The flow of a compressible fluid (most
commonly a gas) differs from that of an
incompressible fluid in that changes in pressure
are accompanied by changes in pressure and
temperature. For flow through a seal - usually
approximated as adiabatic - as the pressure
drops along the flow path the density and




temperature also drop, and the velocity
increases. txcept for the special case of a
converging-diverging channel, the maximum fluid
speed is limited by the speed of sound. Thus
for some ratio of upstream to downstream
pressure the flow will become choked and hence
unaffected by further decreases in downstream
pressure.

Fluid compressibility has a large effect on
the forces generated in seals., Stiffness and
damping coefficients are calculated for both
straight bore and tapered-bore seals in [4] and
[19]. A1l of the assumptions Tisted in the
analysis section apply, except, of course, that
compressibility is allowed; the fluid is assumed
to be a perfect gas. Figure 13 shows stiffness
of straight seals and optimum tapered seals for
choked flow. The abscissa is the seal
clearance-to-length ratio Cp/L times a
Reynolds number Reo formed using the speed
of sound for conditions upstream of the seal.

Reg = 2CAPoeo/uo

The curves on the left are for laminar flow.
The nearly horizontal curves on the right are
for turbulent flow; there is a separate curve
for each value of Cp/L. The left end of the
curves for turbulent flow corresponds to a
Reynolds number in the seal passage of 3000;
this is generally considered the lowest value
for which one can be assured of turbulent flow.
A Reynolds number of 2300 is usually taken as
the upper limit for laminar flow. Points where
Re = 2300 are shown for various Cp/L values
on the laminar flow curves.

The surprising feature of the results is
the negative stiffness predicted for low values
of Cz/L. This is analogous to the lockup
phenomenon observed in pressurized
gas-lubricated bearings. Negative stiffness
could cause rapid failure of floating ring seals
and would rarely be beneficial even for rigidly
mounted seals. Tapered seal stiffness is always
positive and generally much higher than straight
seal stiffness. The optimum clearance ratio is
near 1.9 for most conditions, as it is for
incompressible fluids.

Damping is shown in Fig. 14. As for
stiffness, laminar flow curves are on the left
and turbulent-flow curves {(a separate one for
each C3/L) are on the right, Again, as for
incompressible fluids, damping is lower for
tapered seals. Damping is minimized for
clearance-to-length ratios of 0.002-0.005 and is
higher for ratios outside this range,

Expermental data are again sparse.
Hendricks [20] obtained pressure measurements
along the length of straight and tapered bore
seals in the concentric and fully eccentric
positions., Because of the small number of
pressure taps he did not attempt to determine a
net force generated by the seal; however, he
estimated that the overall stiffness of the

80

. ..l'\!";:"\'.:'.::'r';{';{ o
! Paai Cai g

tapered seal was no higher than that of the
straight seal. Physical reasoning leads one to
question this conclusion.

In work by Burcham and Diamond [21] the
tapered bore seal was far superior to an
alternative seal, a Rayleigh 1ift pad design.
Both were floating ring seals, and the objective
was to determine the endurance of the seals
while maintaining satisfactory leakage control
(i.e., minimizing wear)., No internal pressure
measurements or force measurements were made.

In this type of test, the seal having a higher
stiffness (higher centering force) can better
minimize the rubs which cause wear. The
investigators noted that there was less seal
wear when sealed pressure was higher. This is
in agreement with the analysis, which shows that
a higher sealed pressure produces higher seal
stiffness.

SEAL EFFECT ON ROTOR DYNAMICS

When significant forces (or equivalently,
stiffnesses) are generated by seals, the effect
on the shaft-rotor system is the same as if a
bearing of that stiffness were placed on the
shaft. Consequently, changes in dynamic
response can be expected as a function of seal
stiffness.

An example of seal forces being exploited
to favorably influence rotor dynamic response is
the high pressure fuel pump for the space
shuttle main engine. The rotor of this pump is
shown schematically in Fig. 15. Three
centrifugal pump stages are driven by a
two-stage axial turbine. The rotor is supported
on two duplex ball bearings. Ring seals are
used between pump stages. Originally, these
seals were of serrated design (Fig. 16) to
deliberately reduce the forces produced, as it
was believed the cross-coupled stiffness would
promote instability. In fact, other exciting
forces produced a subsynchronous instability
which began as the pump speed passed twice the
first critical speed. Various modifications
were tried to eliminate the instability. There
was little success until the serrated seals were
replaced with smooth-bore seals [22]. With this
change the pump could be run to full speed
without exhibiting signs of instability. The
conclusion drawn was that the higher direct
stiffness of the smooth seals was largely
responsible for the stabilization and that the
benefit of higher direct stiffness overshadowed
the deleterous effect of the higher
cross-coupled stiffness. The effect of
higher-stiffness seals can be quantified in one
respect by determining the effect on
resonances. This is shown in Fig. 17 where
resonant frequency is plotted as a function of
interstage seal stiffness for a rotative speed
of 37 000 rpm, the normal operating speed. The
stiffness of the original serrated seals is not
known precisely; however seal stiffness has
little effect on resonant frequency for low
values of stiffness. The Tirst and second
resonances are 9500 and 19 800 cpm,
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respectively. When the serrated seals are
replaced by smooth-bore seals, the resonances
have risen to 13 500 and 23 000 cpm. Further
increases occur if optimum tapered-bore seals,
described earlier, are used. The two resonances
then are 16 000 and 28 000 cpm. These
frequencies are 70 and 40 percent higher,
respectively, than the resonant frequencies with
the original serrated seals.

CONCLUDING REMARKS

Significant forces can be generated by ring
seals; film stiffnesses as high as 90 MN/m
(500000 1b/in.) have been calculated for
turbopump ring seals. These forces have been
effectively utilized to support and stabilize
shaft-rotor systems. This paper has presented a
summary of work that has been done to determine
forces generated in ring seals. Both
compressible and incompressible fluids were
considered; working formulas were presented to
calculate seal stiffness and damping. Seal
geometries to maximize stiffness were
described. An example showed the effect seals
can have on the dynamic behavior of rotor
systems; use of high-stiffness seals raised the
rotor critical speeds by nearly 50 percent.
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Figure 2 — Velocity and pressure
profile in concentric seal
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MACHINERY VIBRATION EVALUATION TECHNIQUES

Ronald L. Eshleman
Vibration Institute

Clarendon Hills,

Illinois

Direct frequency analysis of vibration signals is
commonly used to evaluate the condition of machinery.
This paper is concerned with this technique, its vari-
ations, and many other techniques available for ma-
chinery vibration evaluation.
and illustrated in this paper involve the time and fre-
quency domains, orbital motions, transient tests, and
parameter analyses -- either calculated or measured.

The techniques described

INTRODUCTION

The evaluation of machinery vibra-
tions involves a knowledge of equipment
design parameters, testing and/or compu-
tational techniques, and appropriate
test equipment,

To conduct an effective analysis of
a machine's problems it is essential to
have a thorough knowledge of the equip-~
ment design characteristics, its instal-
lation state, and its environment. The
forcing frequencies that result from
equipment wear, faulty installation or
manufacture, and design are required.
The mass, elastic, damping characteris-
tics that affect natural frequencies,
mode shapes, instabilities, and thermal
and structural response enable in-depth
analyses. These parameters and condi-
tions should be obtained prior to ma-
chine evaluation.

The development of sophisticated
electronics, practical mathematical
algorithms, and reliable transducers
has provided the tools for machinery
vibration analysis. 1In fact, the avail-
ability of machinery vibration evalua-
tion parameters, techniques, and equip-
ment raises machinery vibration analysis
from an art to a science.

This paper is concerned with ma-
chinery vibration evaluation techniques.
The techniques descussed in the paper
are summarized in Table 1.
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TIME DOMAIN ANALYSIS

Until recently wave analyzers and
fast fourier transform computers were in
such widespread use that diagnosticians
tended to rely solely on the frequency
domain {(vibration amplitude vs fre-
quency) for vibration analysis. How-
ever, valuable information can be ob-
tained from the time domain (vibration
amplitude vs time); fortunately, its
advantages are becoming more widely
recognized. Direct differential time
measurement is given as a digital read-
out on some of the new analyzers and
oscilloscopes. Such readouts allow
accurate identification of the period of
vibration events. In the discussion
that follows, examples of both steady
and transient vibrations are given to
illustrate some of the uses of the time
domain.

Vibration events that are either
synchronous or nonsynchronous with
speed can be observed and analyzed in
the time domain. An example of a non-
synchronous vibration signal is a
second harmonic of line frequency in an
electric motor. It will move gradually
with respect to the fundamental oper-
ating frequency of the motor in the time
domain. Misalignment and other common
mechanical problems are synchronous with
shaft frequency. The nonsynchronous
harmonic can be evidence of environ-
mentally-induced vibration from adjacent
equipment.




TABLE 1
Machinery Vibration Evaluation Techniques

Technique

Use

Description

Time Domain Analysis

Trend Analysis

Frequency Domain Analysis

Orbital Domain Analysis

Transient Frequency Analysis
Bode Plot

Polar Plot

Cascade Plot

Interference and Lund
Diagrams

Critical Speed Map

Stability Map

parameter identification
condition analysis
fault diagnosis

condition analysis

parameter identification
condition analysis
fault diagnosis

condition analysis
fault diagnosis

parameter identification
condition analysis

fault diagnosis

design analysis

design analysis

design analysis

amplitude vs time

amplitude vs extended
time

amplitude vs frequency

relative displacement
of journal in X-Y
coordinates

amplitude vs speed
phase angle vs speed

amplitude and phase vs
speed

amplitude vs frequency
at various speeds

frequency vs operating
speed showing excita-
tion and natural fre-
quency interference --
damping given on Lund
diagram

variation of critical
speeds with shaft/bear-
ing/foundation stiff-
ness

stability parameter vs
eccentricity ratio --
logarithmic decrement
vs rotor speed
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The frequency of the spikes in a
time domain measurement can be used to
determine the number of cracked,
chipped, or otherwise defective teeth on
either a pinion or a gear. Figure 1
shows large spikes in a time domain mea-
surement made on a gearbox with a broken
tooth on the pinion.

_Nxm
£ = %%

where: f % frequency of events, Hz

1 = measured period of events,
sec

m = number of chipped or cracked
teeth

N = speed of pinion or gear

The pinion speed was 207 RPM.
riod of the impacts is

The pe-

8.6 Div (meas. from fig.)x 0.2 sec/Div
6 cycles

T

0.29 sec f = 3.45 cycles/sec

-
i

_ 60f _ 60 x 3.45
N 207

Seven Revolutions of a Jack
shaft Pinion.2 time = 0.2
sec/div, amplitude = 0.5
volts/divl

Figure 1.

These calculations show that one tooth
defect is present on the pinion.

Time domain measurements can also
be used to determine natural frequency
and damping from a bump or ringing test.
Figure 2 shows the result of a bump test
on piping. The decay of the vibration
amplitude after the bump can be repre-
sented by the logarithmic decrement,
which is a measure of system damping.

Bump tests have their limitations,
however, The site at which the force is

applied must excite the appropriate nat-~
ural frequency. 1In addition, in systems
in which the natural frequencies vary
with speed, the bump test is not useful.
A bump test cannot be used to obtain
natural frequencies of machines with
hydrodynamic fluid-film bearings because
the bearing stiffness varies with ma-
chine operating speed. The bode diagram
(once per revolution vibration and phase
angle) is a better means for determining
critical speeds and thus natural fre-
quencies. Machines with such large over-
hung disks as fans, impellers, and pro-
pellers have gyroscopic effects that
alter apparent dynamic properties. If
they are rung while not operating at
speed, the natural frequencies obtained
are incorrect because the gyroscopic ef-
fect stiffens the rotor and raises the
natural frequency. Although rotors are
often lifted out of machines and rung to
obtain their natural frequencies, only
the natural frequencies of the rotors
are obtained -- not those of the system,
and it is the system natural frequencies
that are important. Pedestals, bear-
ings, supporting foundations and even
large overhung couplings can alter
system natural frequencies and critical
speeds.

Figure 2 shows that the natural period
of the predominant vibration is 32 ms.
From the time domain the natural fre-

quency is thus

T = 0.032 sec
=12
f = = 31.25 Hz

This frequency can be verified by ob-
serving the frequency domain in Figure

2. The damping ratio (a measure of vis-
cous damping) can be calculated from Fig-
ure 2.

§ = logarithmic decrement

n = number of cycles of vibration

Xo = amplitude of vibration on the
initial cycle

amplitude of vibration on the nth
cycle

ln = natural logarithm

Xn
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4 cycles = 16 units period =
p——

28 unitd

Vibration Amplitude, in./sec.

s 216
4 cycles

frequency = 31.25 N3

- 32 ms

time - & me/div

q°

. Fr;qu;ncy ,_.II:
Figure 2. Bump Test on Line Shaft Turbine Piping
(courtesy of James I. Tavlor)

§ = logarithmic decrement
c . :
— = damping ratio
<c

If c/cc =1, the system is crit-
ically damped and no vibration will
occur. If c/cc = 0, no damping is ob-
tained. Some typical damping values
are: rubber = 0.05, steel = 0.001, and
fluid film bearings = 0.1 to 1.

The logarithmic decrement for the
piping example shown in Figure 2 is

1 28
6=]lnT=2.33

C §

Q ﬁ-s 0.37

The damping ratio of 0.37 indicates a
moderately damped system that will be
responsive to a forcing function.

TREND ANALYSIS

The trend display is an extended
time display of a key measured parameter
such as average, peak, or rms vibration
velocity or acceleration, peak to peak
displacement, temperature, or pressure,
Trend data is obtained from monitoring
and recording data at specific intervals

such as hours, days, weeks, or months.
It can be continuously or periodically
recorded. Information on time to fail-
ure is obtained by extrapolating the re-
corded data. Generalized techniques for
extrapolation of data have not been de-
veloped due to the complexity of ma-
chines and their installations. Suc-
cessful trending results from knowledge
of the wear-vibration characteristics

of specific machines. Figure 3 shows

an example trending chart for the degra-
dation of babbitt in a bearing undergo-
ing electrical erosion.

FREQUENCY DOMAIN ANALYSIS

Frequency analysis techniques have
provided a well used means for identifi-
cation of vibration faults since the
development of tunable analyzers with
band pass filters. These techniques
have been extended from direct single
frequency identification to sum and dif-
ference frequency analysis as a result
of the evaluation of real time analyzers
with zoom or translator capability. The
zoom feature provides the expansion of
the frequency domain so that sidebands
can be resolved.
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Resonance Tests

Frequency analysis of structure and
machine components where no continuous
source of excitation is available can be
made by ringing the component or system.
The system natural frequencies are ob-
tained using a swept frequency spectrum
analyzer (excitation must be applied
continuously) or a real time analyzer.
Care must be exercised in ringing ma-
chines which have gyroscopic effects of
large disks and fluid film bearings.
These effects make machine natural fre-
quencies a function of rotor speed.
Natural frequencies obtained by ringing
will be those of the stationary machine
and not those of the operating machine.

Babbitt Thickness Due to Electrical Erosion

Modal analysis of a structure can
be obtained using a swept frequency
spectrum analyzer or real time analyzer
and a reference meter. The reference
meter is used to ensure constant excita-
tion application as the transducer is
moved across the structure. The fre-
quency analysis techniques to be dis-
cussed follow.

Direct Frequency Identification
Single Frequency
Single Frequency with Truncation
Beats
Multiple Frequency
Pulses

Sum and Difference Frequency Ildenti-
fication

Truncated Beats

Truncated Multiple Frequency

F Machine

Lo,
—>

Figure 4.

t

Vibration Response to Forcing Function in a Linear System
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Direct Frequency Identification

Vibration analyses conducted to
determine machine faults are concerned
with the forces which cause wear, fail-
ure, and inferior performance. Unfortu-
nately, these forces cannot be measured
directly -- only vibration response.
Fortunately, in a linear system (Figure
4) the frequency of the response is
equal to the frequency of the force.
Thus forcing frequencies can be identi-
fied directly =-- particularly when a
minimum number of frequencies are pres-
ent. When the system stiffness becomes
nonlinear truncation occurs and higher
harmonics of the basic forcing frequency
are present. This situation usually
indicates the presence of a fault such
as misalignment, looseness, Or exces-
sive loading. Figure 5 shows higher
harmonics caused by excessive loading
due to mass unbalance in a steam tur-
bine operating near a piping resonance.
The bearings are forced to operate in
the nonlinear region yielding higher

TEWWERIFRF v e e v =W -

are present (Figure 6) which are not
close in value, their frequencies will
be given directly if the vibration
sensor measures the sum of the two sig-
nals. If one signal modifies the am-
plitude of the other signal then sum and
difference frequencies, not directly
relatable to the forces, will be ob-
tained (Figure 7).

The pump has four vanes on the impeller.
This is a characteristic spectra of pump
starvation. The fundamental is gener-
ated by unequal amounts of water in each
vane (unbalance) and 54.4 Hz vane pass
frequency is generated by the impeller
vanes hitting the water.

Figure 8 shows schematically what
happgns when impulse type loadings are
app;led to machines. The impulse will
eéxcite a natural frequency of the sys-
tem. When the defect becomes large, the
natural frequency will be modulated

(sidebands) with the repetition rate of
the event.
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Vibration of an Unbalanced Steam Turbine Near a Piping Resonance
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Sum _and Difference Frequency Identifica-
tion

Increased complexity of rotating
machinery and higher demands for speed
and power have created more complex vi-
bration problems. Vibration instrumen-
tation provided through the development
of electronics offers the practical
capability to perform sophisticated fre-
quency analyses of such complex vibra-
tion signals. This paper is concerned
with machinery faults such as heavy
loading, nonlinearities in stiffness,
antifriction bearing and gear defects,
oil whirl, rubs, trapped fluid, piping
excitation, mass unbalance and torsional
excitations which often can be related
to measured sum and difference frequen-
cies. A mechanism for the occurrence of
these phenomena, first explained by
Ehrich [4] who studied the interaction
of mass unbalance and trapped fluid in a
rotor, 1s described and related to prac-
tical machinery faults and their sever-
ity. Engineering judgments based on
understanding of physical phenomena are
still needed to provide the diagnosis
and means of correction of these rotat-
ing machinery problems.

Mechanisms

The vibration response shown in
Figure 9 is a truncated beat generated
waveform. The beat phenomenon is a
periodic pulsation 1in vibration ampli-
tude due to the addition of the simulta-
neous response of equipment to two base
excitation frequencies .; and .;.

v = a sin .;t + a sin .t
where: v = vibracion signal (volts)

a = amplitude of signal (volts)

u1 = frequency of component 1
{rad/sec)

.; = frequency of component 2
(rad/sec)

t = time

1f rearranged, this equation gives an
apparent vibration signal at a mean fre-
quency (.;+.;)/2 and a pulsation in
amplitude (amplitude modulation) at the
difference frequency (.;-.;). Or the
former eguation can be written in the
following form:

v = a cos (.;-.;)t sin (.;+.;)t
In order to obtain a number of sum

and difference freguencies the beat
waveform must be truncated as shown 1in

1 DISPLACEMINT

. 11} . P Ty 2

) L FINE
\ / \ !
\ / \ )
\, 4 \ /
TRUNCATION
LEVEL

Figure 9. Hypothetical Vibration Re-
sponse Exhibiting Beat
Frequency

Figure 9. This truncatior results from
misalignment, looseness, and stiffness
nonlinearities in many machines.

The truncated waveform is a peri-
odic function of the beat frequency
{.2-.1), thus it can be expressed as a
series of harmonic functions using a
Fourier series. Spectral analysis of
this physical situation yields a number
of discrete sum and difference frequen-
cies depending on the exact shape of the
vibration response. A mathematical
analysis of this signal in the time
domain was published by Ehrich [4]. The
truncation of the "beat frequency" in-
duces strong harmonics at sum and dif-

ference frequencies (.;+.;) and (.;-.;}.
Frequencies in the range of third har-
monics -- (2wi+.;) and (.;+2.;) -- are

generated. In addition, the sum and
difference frequency components are ac-
companied by side band frequency compo-
nents separated by (.;-.,) from the
center bands. Table 2 shows the pattern
of frequency components which evolve
from this analysis.

Figure 10 contains a schematic rep-
resentation of the jprocess of generation
nf sum and difference frequencies 1in
rotating machinery. Excitations such as
mass unbalance, antifriction bearing and
gear defects, o1l whirl, trapped fluid,
and rubs cause rotor vibration at dis-
crete frequencies on the rotor. Due to
misalignment, loosecness, and stiffness
nonlinearities the stator vibration
waveform caused by the rotor vibration
1s truncated. The truncatced beat time
domain signal yields sum and differcence

! \ l Pt L) ,v‘
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TABLE 2

Pattern of Frequency Components in Truncated Beat
Frequency Wave Form (After Ehrich4)

etc.

Side Band Center Side Band Harmonic
Frequencies Frequencies Frequencies Zone No.
-- 0 (w2~w1) 0
(2.:-.2) w1 22 (Zwz~wy) 1
(3w:-o2) 2.1 (w1+w2) 2., (3wz-wy) 2
(4..-.3) 3.0 (20:+uw2) (L1+2w2) w2 (duz2-w1) 3
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Figure 10. Rotating Machinery Fault Diagnosis Using
Sum and Difference Frequencies

(Eshleman?)
frequency.

ORBITAL ANALYSIS

The orbital plot, such as shown in
Figure 11, shows the actual relative
motion of the shaft. The presence of
loops in the orbit indicates forward
(internal) and reverse (external) whirl.
Key phase markers show the once per
revolution motion of the shaft. This
allows the identification of the whirl

frequency. Figure 11 shows a comparison
of the spectrum and time domain plots to
the orbital plot for the exhaust shaft
motion of a gas turbine.

TRANSIENT FREQUENCY ANALYSIS

Coast down and start up tests pro-
vide machinery vibration data at varied
speeds. These data can be used for
parameter identification, critical
speeds, natural frequencies, and damping

|
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! constants. Vibration data are filtered
) using a synchronous tracking filter.
!J!ﬂ Polar/Bode Plots
X The polar plot (Figure 12), also
U called a Nyquist diagram, is a plot of
e amplitude versus phase during machine
by, et start up. This plot is made by plotting
o the real and imaginery components of the
. vibration as speed increases. It shows e’
%q, the system resonances and critical
0N speeds, as loops, more distinctly than
3bk the Bode plot (Figure 13). The Bode
F“f plot is the conventional plot of ampli-
gée tude and phase versus speed during ma-
O chine start up. These plots are used to e
‘ﬂ determine machine critical speeds and
* structural resonances during start up e
o\ and coast down. The mass unbalance is
5 used as the excitation and the true ma-
e chine characteristics are obtained. The X
Xy polar plot can also be used for balan- et
‘:: " ing.
- Cascade Plot
icr
I )

A cascade plot (Figure 14) or vi- 6
gg. bration amplitude versus frequency Figure 12. Polar Plot (After Eisenmann®)
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(spectrum analysis) for varied machine
speeds is used for convenience in direct
frequency identification. It allows
tracking of each order of vibration
through the machine speed range. Today
this plot can be made on machine start
up or coast down using a digital com-
puter (for data storage and/or analysis),
a spectrum analyzer, and tracking fil-
ters. Previously data were required to
be obtained at individual steady oper-
ating speeds or by tape recording during
transient conditions.

INTERFERENCE AND LUND DIAGRAMS

The interference diagram, which is
a plot of excitation frequencies versus
natural frequencies (Figure 15), is a
good design and analysis tool. It shows
the proximity of the excitations to the
natural frequencies and thus identifies
sources of potential problems (critical
speeds and resonances). The Lund dia-
gram, Figure 16, is more exact for this
purpose because it shows the damping at
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Figure 15. 1Interference Diagram for a

Sshafting System

each "interference". 1If the system is
overdamped at the "interference", no vi-
bration problem is expected. Thus only
the strength of the excitation is un-
known. The log decrement is identified
at each speed. In this example of an

8 stage compressor the synchronous ex-
citation from mass unbalance is identi-
fied by a dashed line. This chart shows
that the natural frequencies of the sys-
tem change with speed -- due to the fact
that fluid film bearing stiffnesses
change with speed. Four interferences
shown on the chart show four possible
critical speeds -- first mode with
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data on the zones of machine operation 5.
where stability problems might be en-
countered. This type analysis almost

requires a map for each individual ma-

chine because it is dependent on bear-

ing configuration and shaft flexibility.

The plot shown in Figure 19 shows a

stability map (logarithmic decrement vs

rotor speed) for stiffness supports and

cross coupled stiffnesses. A logarith-

mic decrement denotes instability. 6.
Note that the absence of negative cross
coupling leads to a stable machine.
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Figure 19. Stability Map for 8-Stage
Centrifugal Compressor [8]
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SHAFT VIBRATION MEASUREMENT
AND ANALYSIS TECHNIQUES

Donald E. Bently, President
Bently Nevada Corporation
Minden, Nevada, USA

position.

The use of electronic instrumentation for the measurement and analysis
of rotating machinery has advanced greatly over the last fifteen years.
Of the available vibration measurement transducers, the displacement
proximity probe is most widely used on critical equipment. However,
there are still some applications for the case-mounted transducers,
velocity sensors, and accelerometers.
analysis, several hard copy data presentations are available. Data
formats for steady-state machine conditions include oscilloscope time
base waveforms and orbits and frequency spectra. For data from ma-
chines under transient conditions, the formats include Polar, Bode',
cascade or waterfall plots, and change in average shaft centerline

For the purpose of machinery

The use of electronic instrumentation for
measuremcnt and analysis of rotating ma-
chinery has advanced greatly over the last
fifteen years. In today's market, the old-
time vibration measurement techniques using
screwdrivers, balancing coins on edge, and
using the human senses of sight, sound, and
touch, are rarely used. Most critical ma-
chines have electronic sensors permanently
installed with continuous readout and alarm
(or shutdown) monitoring systems. Less cri-
tical machines may be observed with scanning-
type microprocessors, or checked periodically
with portable instrumentation.

Whenever a vibration measurement indicates a
machine problem, a separate array of instru-
mentation is available to specially condition
the vibration signal for analytical eval-
uation of the machine's dynamic behavior.

In addition to vibration amplitude (which is
the parameter measured by conventional moni-
toring systems), these special instruments
evaluate vibration phase angle, frequency,
ttme base waveforms, shaft orbits, and mode
shapes. Machines can be analyzed in a
steady-state (constant speed, load, pressure,
flow, etc.) or transient condition (changing
speed or other variables).

The end result of any data acquisition proce-
dure on rotating machinery must involve the
documentation of information processed by the
instrumentation into various hard copy
formats. It is this hard copy documen-
tation that the mechanical engineer must use
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to assess a machine's mechanical condition.
Data formats for steady-state measurements
include oscilloscope time base waveforms and
orbits and vibration frequency spectra.
Transient formats include Polar, Bode', and
cascade or waterfall plots, and change in
average shaft centerline radial position.

TRANSDUCER CONSIDERATIONS

Proper instrumentation must begin with the
correct choice of measurement transducers.
The three basic dynamic motion (vibration)
transducers are the accelerometer, velocity
transducer, and displacement proximity probe.
Of these, the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>